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ADVERTISEMENT. 



The Committee appointed by the Royal Society to direct the publication of the 
Philosophical Transactions take this opportunity to acquaint the public that it fully 
appears, as well from the Council-books and Journals of the Society as from repeated 
declarations which have been made in several former Transactions, that the printing of 
them was always, from time to time, the single act of the respective Secretaries till 
the Forty-seventh Voliune ; the Society, as a Body, never interesting themselves any 
ftirther in their publication than by occasionally recommending the revival of them to 
some of their Secretaries, when, from the particular circumstances of their affairs, the 
Transactions had happened for any length of time to be intermitted. And this seems 
principally to have been done with a view to satisfy the public that their usual 
meetings were then continued, for the improvement of knowledge and benefit of 
mankind : the great ends of their first institution by the Royal Charters, and which 
they have ever since steadily pursued. 

But the Society being of late years greatly enlarged, and their communications more 
nimierous, it was thought advisable that a Committee of their members should be 
appointed to reconsider the papers read before them, and select out of them such as 
they should judge most proper for publication in the future Transactions ; which was 
accordingly done upon the 26th of March, 1752. And the grotmds of their choice are, 
and will continue to be, the importance and singularity of the subjects, or the 
advantageous manner of treating them ; without pretending to answer for the 
certainty of the facts, or propriety of the reasonings contained in the several papers 
so published^ which must still rest on the credit or judgment of their respective 
authors^ 

It is like\vise necessary on this occasion to remark, that it is an established rule of 
the Society, to \vhich they will always adhere, never to give their opinion, as a Body, 
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upon a subject, either of Nature or Art, that comes before them. And therefore the 
thanks, which are frequently proposed from the Chair, to be given to the authors of 
such papers as are read at their accustomed meetings, or to the persons through whose 
hands they received them, are to be considered in no other light than as a matter of 
civility, in return for the respect shown to the Society by those communications. The 
like also is to be said with regard to the several projects, inventions, and curiosities of 
various kinds, which are often exhibited to the Society ; the authors whereof, or those 
who exhibit them, frequently take the Uberty to report, and even to certify in the 
public newspapers, that they have met with the highest applause and approbation. 
And therefore it is hoped that no regard will hereafter be paid to such reports and 
public notices; which in some instances have been too lightly credited, to the 
dishonour of the Society. 
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muscle. In a second paper, which was read on the 14th December, 1876, I submitted 
to the Society, in conjunction with Mr. Page, an account of a number of experiments, 
made, for the most part in the Laboratory of the Royal Gardens, Kew, with the aid of 
Lippmann's electrometer, for the purpose of elucidating the relation between the 
electrical phenomena and the physiological process which they accompany. In that 
paper we confined ourselves to the mere relation of our observations, recognising their 
incompleteness, but hoping that the work of future seasons might yield better fruita 
Although each year since 1876 some additions have been made to our knowledge, it 
has not seemed desirable to publish anything until the present occasion. If the 
accumulated products of so many years appear insignificant, I must ask that it may be 
remembered that the investigation is one of great difficulty, and that the time during 
each sununer which is available for experiment is very short. 

As almost all the experiments on which the conclusions of the present paper are 
founded have been of such a nature as to require the co-operation of two persons, it is 
obvious that the work could not have been accomplished without the aid of a practised 
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2 PROFESSOR B. SANDERSON ON THE ELECTROMOTIVE 

observer. This aid I have received from Mr. Page, to whose technical skill and 
ingenuity in overcoming difficulties, whatever success may have been attained in the 
experimental part of the enquiry, is largely due. 

I have to express my great indebtedness to the Director of Kew Gardens, Sir Joseph 
Hooker, and to the Assistant Director, Professor Thiselton Dyer, for the invariable 
kindness with which they have placed the resources of the Royal Gardens at my 
disposal. 

Since 1873 several researches have been published in Germany relating to the 
excitatory process in Dionsea, or more generally to plant excitability. In 1876 an 
elaborate work appeared in Berlin by Professor Munk, of which the aim was to 
acquire " a more exact knowledge of the leaf of Dionsea in its electrical relations ; " 
and in addition two important experimental papers by Dr. Kunkel relating chiefly 
to Mimosa have been lately published in vol. xxv. of Pfluger's Archiv, under 
the title "Electrical Researches Relating to Animal and Vegetable Structures." For 
the purpose of deriving from them valuable aid, no less than for that of criticising 
the observations and conclusions of their authors, it will be necessary to examine 
these papers carefully. I therefore propose to devote an introductory section to this 
object. 

PART I. 

Examination of the Recent Researches of Professor Munk and of Dr. Kunkel 

ON Plant Electricity. 

1. Summary of Professor Munk's Paper, "^ — The introduction (§ l) begins by 
referring to the discovery, made by myself in 1873, that the leaf of Dionaea is 
endowed with electromotive activity resembling that of muscle, and that when the 
leaf contracts a negative variation occurs. He states that his attention was first 
directed to Dionaea in November, 1873, and that, in consequence, he made experiments 
in 1874 and 1875, using about 100 leaves, none of which were detached from the 
plants to which they belonged. 

§ 2 relates to the distribution of electrical tension on the surface of the leaf. After 
confirming the observations recorded in my first communication to the Royal Society, 
that in general when the Dionaea leaf is led off by the opposite ends of the outer 
surface of the midrib, the end furthest from the leaf stalk (distal) is found to be posi- 
tive to the other endt, he states (1) that the most positive point is not the distal end 
of the midrib, but the point corresponding to the junction of its middle with its distal 
third, (p. 37) to which point, though both ends are negative, the petiole end is twice 

• Die elektrischen und Bewegungs-Erscheinnngen am Blatte der DionsBa Muscipula, von Dr. Hermann 
Munk, a. o. Professor an der Universitat zu Berlin. Leipzig, 1876. Aus Reichert's und du Bois- 
Rbymond's Archiv fiir Anatomic, <fcc., 1876, besonders abgedruckt. 

t ** Hcrm SANDEBsONb Angabe ist leicbt zu bestatigeD : man lindet in der That regelmassig zwischen 
jenen Blattenden, nach nnsercr Bezeichnongsweise, einen aufsteigenden Strom." 
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as much so as the distal end. (2) That in any line drawn across the midrib on the 
outer (under) surface of the leaf from side to side, a point can be found on either side 
which is negative to all other points, the negative point being situated nearer to the 
border of the leaf than to the midrib (p. 38), and finally that the distribution of 
tension is the same on the under surface as the upper (p. 42) and that opposite points 
are always equipotentiaL* In § 3 the diiference of potential between the most 
negative and the most positive points of the outer (under) surface of the leaf is found 
to be 004 to 005 Daniell. In § 4 the question of the seat of the electromotive 
forces on which this and the other observed differences are dependent is discussed. 

From preUminary considerations he concludes that inasmuch as it is out of the 
question " das Blatt zu zerstuckeln " so as to investigate the electromotive properties 
of its parts separately, the only way is to start from the well grounded assumption 
that wherever the same organisation exists there will be similar arrangement of 
electromotive forces, and accordingly that in the individual cell the electromotive force 
will show a distribution which has a definite relation to its long axis. Hence, inasmuch 
as the form of the cell admits of but few possibilities, we may, by ascertaining which 
of these possibilities when taken in relation with the known arrangement of the 
cells in the leaf, affords the best explanation of what is actually observed in the dis- 
tribution of electrical tension on the surface of the leaf, select that w^hich accords best 
with fact. In order to get at this result Professor Munk employs a method of investi- 
gation which I shall not endeavour to describe in detail, but content myself with 
stating that it is founded on the assumption that it is possible to represent the living 
cell, as regards its electromotive properties, by a zinc cylinder having a zone of copper 
and surrounded by a uniform layer of a moist conductor ;t and that a schema or model 
made up of a number of such cylinders arranged like the cells of any living part of a 
plant would exhibit electromotive properties similar to those of the organ it represented. 
Stated as shortly as possible, the actual arrangement of the parenchyma cells of the 
leaf of Dionsea is as follows : in the lobes the cells run all in one direction, namely, 
parallel to the veining and at right angles to the midrib. In the midrib the cells of 
the ridge (under surface) run longitudinally, but those of the trough (upper surface) 
are continuous with those of the cells of the lobe. For reasons which need not be 
here entered on (see p. 86) Professor Munk considers that the arrangement which 
determines the electromotive properties of the leaf, is that of the cells of the lobe- 
parenchyma of which the long axes are parallel to the surface of the lobe and at right 

♦ " An der oberen Blatiflache die gleicbe Vertheilung der Spannungen herrsclit., wie an dor nnteren 
Blattflache " (p. 42). " Dass die absolute Grosse der Spannnngen an der oberen nnd an der nnteren 
Blattflache die gleicbe ist " (p. ). 

t " Die einzelne Parencbymzelle entspriebfc binsicbts ibrer Kriif to dem einzelnen Metallcylinder " (p. 06). 

Du Bois-Reymoxd's sebema of an electromotive element of mnscle is a copper cylinder witb a zinc zone 
Bnrronnded by a uniform layer of a moist conductor. For the plant electromotive element, according to 
JluNK, tbc sign must be reversed. Tbe cylinder must be zinc and the zone copper. 

B 2 
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angles to the midrib. Accordingly, the leaf ought, on the assumption that the cells 
have the properties assigned to them (i.e., that the middle of each cell is negative to 
its ends), to be represented by a bilateral schema consisting of two symmetrical parts, 
resembling in form the two lobes of the leaf, and each made up of metallic cylinders 
arranged like the cells in the leaf, as above described. A full account of the properties 
actually demonstrable in such an arrangement is given in the paper (pp. 54 and 55). 
It corresponds in the most important respects, as regards the distribution of electrical 
tension, with Professor Munk's account of the electrical properties of the resting leaf. 

§ 5 relates to the *' Mechanism of the Excitatory Motion." On this subject it will 
be sufficient to state that the account given by Professor Munk of the way in which 
the leaf closes when touched, agrees with the explanation originally given by Bbucke 
of the mechanism of the motion of the sensitive plant ; namely, that the immediate 
cause of the change of form is the sudden passing of certain cells (in the case of Dionaea 
those of the upper (inner) layer of the lamina and midrib) from the state of distension 
into that of flaccidity ; but, in addition to this, there is, he says, an active lengthening 
and extension of the c^lls of the lower or external layer. ^'^ From the context it 
appears that all that is here meant is that the water dischai'ged in the sudden 
relaxation of the cells of the inner (upper) stratum, finds its way at once to the outer 
(lower). At all events, the only evidence given in support of active extension is the 
fact, proved by measurement, that two marks on the external surface of the expanded 
leaf, in a line parallel to the veining and at a measured distance from each other, are 
foimd to be further apart after the leaf has closed (p. 117). 

In § 6 (p. 123) the author approaches the question which more immediately concerns 
our present purpose, viz. : the electrical phenomena which result from excitation. I 
will endeavour to give an account, first of the experiments, and secondly of the theo- 
retical explanations — premising that, in this as in the section on the electromotive 
properties of the unexcited leaf, observations and theories are so mixed that it requires 
much patience to separate them. 

The mode of experiment was always the same. The leaf was led off, either by 
different points on the under surface of the midrib, as in my original experiments in 
1873, or by the midrib and by a spot on the external surface opposite to it. The leaf 
was not fixed or restrained, so that only a very few excitations could be observed 
before closure. 

All of the experimental results are stated in the following table, in the first 
column of which I have entered the leading off contacts, distinguishing them by 
the letters A and J?, in the second column whatever information is given as to the 
difference of potential between them before excitation. The third column gives the 
character of the excitatory effect as observed by the galvanometer ; and the fourth, the 
reference to the page where the experiment is recorded. 

• " Die Bewegung kommt dadurcli zn Stande dass das rcizbare Parencbyra erschlafft und kiirzer wird, 
das nicht reizbare sicb activ verlUngert " (p. 119). 
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C PBCVESEOS B. SAJTDERSOX OS THE ELECTROMOTIVE 

FrafeflKT If mrs erphnatkiii of the exciiat&ry varujAicna, is, of ooarae, in o(mfonDit>' 
wid^ ka» d'iiccrxzke of the ekctromotive activitj of the indiTidual cell, which has been 
alrauiT ezpIaziKd ; naunehr, that each parenchyma cell has the endowment of a cylin- 
drkai eieecroabodre element of which the poles are positiire to the middle,* and the 
erm^arj ehange produced in each cell ccmsists in increase or diminaticm of the 
eieeooBwcrre le>ree of each celL I£ the variation consisted of a single phase, it might 
be a0»QDted £or hy supposing that all the cdis of the parenchyma of the lobes are 
^MuxifA by excitation in the same way. As, however, it presents the diaracters of a 
^ iHfpydndkwanhing" — iVe., consists of two phases succeeding each other, of opposite 
ufpm, this most be accoonted for either by supposing (1) that all the electrcHnotive 
deneirts in the structure are similarly affected, but not at the same time, the exdta- 
toty change being propagated fit>m the seat of excitation in such a way that it first 
affxts the dectromotive elements at one contact, then those at the other ; (2) that all 
the eiectromotire elements are similarly affected at the same time, changes of opposite 
si^;ns trJlcmmg each other in each element simultaneously ; (3) that there exist in the 
stmcture two sets of electromotive elements, which are affected in opposite directions 
by excitation, the disturbance reaching its maximum in the one set later than in the 
other set 

Of these three alternatives only the third appears to Professor Munk admissible. 
The first he rejects on the ground that if it were true the character of the excitatory 
variation would be affected by the seat of excitation. This he finds not to be the 
case. Thus in Exp. II. (see Table) the effect should be different according as the leaf 
is excited by touching the proximal or distal hairs. According to Professor Munk 
there is no difference (p. 136) either in this or other similar case& He therefore 
concludes that the ** Doppelschwankung^ is not due to propagation of the excitatory 
eiS^ct from the seat of excitation. ** Danach kann weder die complicirte Schwankung 
in irgeod einer Beziehung zum Orte der Reizung stehen, noch kann iiberhaupt von 
diesem Orte der Erfolg der Reizung, innerhalb der Genauigkeitsgrenzen unserer 
Untersuchung, irgendwie abhangig sein*' (p. 138). The second alternative is rejected 
on the ground that in IV. (see Table) the Vorschlag, if it occurs at all is very incon- 
siderable, and is very frequently absent, consisting of one phase only, which could not 
be the case if each cell underwent first a diminution then an increase of its electro- 
motive force, and all acted simultaneously. The third alternative, thus adopted by 
exclusion, viz. : that the two sets of electromotive elements are oppositely affected by 
excitation, serves. Professor Munk thinks, to explain the characters of the excitatory 
effect in all the cases observed by him. 



• **Die ohngefahr cylindrischen Zellen des Blattfliigel- Parenchyma niid der beiden Mittelrippen- 
Parenchjiue sind mit Kraften aasgestattet der Art, dass die positive Elektricitat von der Mitte der Zellc 
nach jedem der beiden Pole hinge trieben wird, die Pole positiv sind gegen die Mitte" (p. 97). 
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Professor Munk's paper does not contain any statement of his conclusions. For 
further reference I have arranged them as follows, in the order in which they have 
been referred to in the preceding sketch : — 

1. Each individual parenchyma cell of the leaf corresponds, in respect of its electro- 
motive properties, with a zinc cylinder zoned with copper and surrounded by a uniform 
layer of moist conductor. In other words, the nearly cylindrical cells are endowed 
with electromotive forces such, that positive electricity is driven from the middle of 
each cell towards each of its poles, i.e., the middle is negative to the poles (p. 97). 

2. The electromotive properties of the whole leaf (pp. 47-51) in the unexcited 
state are represented by those of a schema (see diagram, fig. 20, a), consisting of such 
cylinders arranged in the same order as its cells (p. 87). 

3. On excitation, the cells of the upper layer of the leaf undergo a diminution of 
electromotive force, those of the under layer an increase, i.e., the middles of the cells 
become less negative than before in the upper layer, more negative in the lower layer 
(p. 152). 

4. The diphasic character of the variation is not due to the fact that the individual 
cells undergo opposite changes in succession, but to the interference of the opposite 
electromotive actions of the upper and imder cells, of which the time relations are 
different (see diagrams 29 and 30 and p. 142). 

5. The effect of an excitation is in no way dependent on its seat (p. 138). 

6. The electromotive activity of the cells has no relation to their water-content 
(p. 158).* 



• The author's criticisms of ray methods and conclasions will be best considered in connexion with the 
several subjects to which they refer. His paper contains some misconceptions which it will be convenient 
to correct in this place. One of the most important, as having led other writers into error, is founded on 
a casual expression of mine contained in a lecture at the Royal Institution in 1874, to the effect that the 
excitatory motion of the leaf is identical with muscular motion. No such expression is contained either 
in my communication to the Royal Society, or in the translation of it which appeared shortly afterwards 
in the * Centralblatt.' (" Ueber electrische Vorgange im Blatte der Dioruea musclpula.^^ ' Central- 
blatt f. d. Med. Wissensch.,' 1873, No. 53.) If Professor Munk had considered the context, he would 
have seen that in my lecture I meant nothing more than that both motions are expressions of the 
same elementary endowment of protoplasm — that of changing its form on excitation. I held then, 
and hold now, that, as regards what happens in the living protoplasm, the mechanical effects of excitation 
in the contractile parts of plants and animals are closely related. As to the mechanism by which the 
changes of form of the excitable organs of plants are brought about, nothing was said in my paper. 
I took for granted the explanation usually given, founded on BBt^CKB's experiments. I had not become 
acquainted with the then recently-published researches of Pfeffee on the excitability of plants 
(' Physiologische Untersuchungen,* von Dr. W. Pfeffee. Leipzig : 1873). 

As regards the original experiments by which I demonstrated the fact that the leaf of Dionsoa responds 
to excitation by an electrical disturbance analogous to the excitatory variation of muscle. Professor Munk's 
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The researches of Kuxkzl,* like those of Muxk. have been directed to two 
qaestions, viz. : to that of the differences of electric terision which present themselves 
in the uninjured leaf, and to the electromotive phenomena which follow excitation in 
the excitable organs of plants. As regards the £rst question, he has found that in 
leaves generally, when they are led off by non-polarizable electrodes in the usual way, 
differences of tension present themselves, these being always of such a nature that if 
one electrode is in contact with a vein, the other with the green surl^ce between the 
veins, the former is positive to the latter (p. 359). But he considers this due, not 
to any real difference of tension between the surfaces, but exclusively to inhibition 
changes which begin at the moment that contact is made. As evidence that the 
relations of the two surges to water are different, he adduces the following 
observations. 

That diffusion actually takes place at the uninjured surfaces of leaves which are in 
contact with water, he proves by the obser\'ation that potassium salts may be detected 



ofaflerrations are, happilj, in accordance with mine, as maj be seen by comparing his account of the 
phenomena with mine : — 



SjLyDE£S05, 1873. 

Wenn das Blatt so anf die Elektroden aofgelegt 
daas der normale Strom des Blattes durch 
eine Ablenknng der Xadel nach links angezeigt 
wird and die sen&itiTen Haare der oberen Fiache 
berahrt werden, so schwingt die Xadel nach rechts. 
... In jedem Falle kommt die Xadel nach der 
negativen Schwanknng in einer Stellnng zor Rnhe, 
die weiter nach links gelegen ist als zuror, and 
nimmt dann allmahlig ihre frahere Stellnng wieder 
ein. (Centralblatt, 1873, p. 835.) 



MuxK, 1876. 

Reizen wir anser Blact bei Ableitong Ton den 
beiden Enden der Mittelrippe, so beobachten wir 
Folgendes : (Els sei z. B. elne Ablenknng Ton 
3<j Sc. vorhanden.) Zaerst nach der Beisang 
nLmmt die Ablenknng sehr rasch aof 25-30 Sc ab, 
and daraof ninunt sie sogleich etwas langsamer, 
doch immer sehr rasch anf 4*'j-60 Sc. za. Nun 
verweilt der Spiegel nar momentan aof dem 
MaTJmam der Ablenknng and kehrt dann lang- 
sam, in etwa einer Minnte, za seiner Anfangastd- 
laiig zariick (pp. 127, 12>). 



Kot withstanding this dose correspondence. Professor Mr>'iL speaks of mv description as groaslj deieo- 
tire, '^ not merelj in details, bat in what is essential and important '" (p. 124) ; and proceeds, that for 
aught 1 knew to the contrarr, my " negatin Schkrankun'/^ migLt be nothing more than a result of 
shifting of contacts. The serions defect, however, was not so much incompetence as an observer as 
inability to understand what I saw ; for, referring to the very same obser\'ation farther on, he says tbftt 
*• Herr S. den Erfolg der Beizung richtig beobachtet hat and nar seine Beobachtung durchaus miflSTer- 
ttanden h^t^ indem er . . . eine negatire Schwanknng da za sehen vermeinte, wo in der \\ irklirhkeit doe 
pofiitive Schwanknng mit negativem Vorschlage sich zeigte.'* On another of my observations (see p. 152), 
which he had not time to repeat, bat which he thinks may be relied on though it was made ^^ natoriich 
ohne von seiner Bedentang eine Ahnung zu haben," he finds an additional prop for his own theories. In 
conclusion. Professor McxK congratulates himself on having substituted " an die Stelle der Spurweiaen 
and Tielfiu^h unxutreffenden erstcn Wahmehmunsen von Herm Sanderson eine genauere Kenntnisa des 
Dionca*Blattes in elektrischer BezieLung." 

♦ KrxkEL. ** Electrlsche Untcrsuchungeu an pilanzlichen und thierischen Gebilden," PflCgsr*s 
Archiv, Bd. xxv. 
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in water in which such leaves have been immersed even after a few minutes' immersion. 
He further finds that if a freshly cut off leaf is immersed in water, the whole of the 
vein surface is wetted at once. The green sm'face of the lamina exhibits a beautiful 
silvery lustre indicating that air adheres to it, and that water comes very slowly and 
incompletely into contact with it. When the leaf is removed from the water, the 
veins remain permanently and completely wet, but the water runs off the rest of the 
surface, leaving it dry. Consequently he concludes that when moist electrodes are 
brought into contact with surfaces which thus differ, the diffusion processes which 
result from the contact must go on at different rates. 

By other experiments, physical rather than physiological, he has shown that in all 
bodies capable of imbibition with water, electrical changes are associated with the process 
of imbibition. His first experiments on the subject were made with the ordinary 
porous cells of batteries. Similar results were obtained by the investigation of non- 
living vegetable structures, as e.gf., laminaria stems. By comparing these facts with 
those already stated as to the electrical phenomena observed in the investigation of 
leaves, he derived the conclusion that whatever differences present themselves between 
the different parts of leaves are due to '* Unterschied in der Benetzharkeit " of the 
surfaces led off. What the direction of this effect is, Kunkel had determined by 
experiment. If a drop of water is placed on the green surface of a leaf between the 
veins and allowed to remain there some time and the leaf is now led off by another 
similar surface and by the drop, it is found that the surface first wetted is always 
positive to the other (p. 368). If after one electrode has been brought into contact 
with an ordinary surface, the other is applied to a vein, the direction of the difference 
is opposed to the normal. The vein is at first negative but the difference quickly 
diminishes and is soon reversed (p. 360). In other words, when a leaf or other similar 
structure is led off by two surfaces of which one is more " wettable " than the other, 
the former is positive to the latter, provided that both contacts have been made 
simultaneously. 

From these observations, of which the value and interest must be recognised as 
showing what sort of results may arise from imbibition processes taking place at sur- 
faces of contact, the author proceeds to draw inferences as to the nature of excitatory 
electromotive changes in the organs of plants, confining his attention to Mimosa. The 
excitatory effect in the swelling at the base of the leaf stalk of Mimosa, is described 
by KuNKEL, on the basis of observations made with the capillary electrometer, the 
organ being led off by thread electrodes applied to its opposite ends as follows. It is 
said to consist of a " Vorschlag,' in which the base becomes negative, followed by a 
larger excursion in the opposite direction. Kunkel thinks that this observation is in 
harmony with those of Munk. Three fragmentary experiments are given in confir- 
mation of this, on which the theory is founded, that inasmuch as in Mimosa the active 
motions of the leaf are caused by a sudden alteration in the distribution of water in 
the different parts of the swelling at the base of the leaf stalk, that these " Wasser- 

MDCCCLXXXll. c 
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-»«i-fTil/|,/fi?|. 



IT? zhjS: causes of tbe electrical changes observed, the proof being, 
"" ^zsienrerxhUbungen in imhibirten Korpem*' are attended with 
:s=rL7 — in, TmaiinziiscjL He confesses himself unable to connect the particular phe- 
i^nLcna iiieerTati irith " einzelne Phasen prevalirender Wasserverschiebungen" He 



":nnii>. ]ii:«v«iifr. zcslZ the first " Varschlag " is not due to Wasserverschiebungy but to 
Zdii iun: zinkz zh,*^ «^£ision processes which are called into existence hj the application 
if 'Im -^eccryi^es are disturbed by alterations in the protoplasm. It is to be noticed 
ZAjdZ liiese rxpLinations, which are contained in the concluding paragraph of the paper, 
u^ ziiz ZL accordance with the more general statement on p. 371. In one place it is 
scAiicti zhs^z **all electrical phenomena are conditioned by Was^rverschiebung ;" in 
4^ zTrer, that the VorscUag in Mimosa " cannot be referred to Wasserverschiebung, 
c-cn ^0 zt<e alteration of protoplasm which precedes it.'* The difference is a fundamental 



r. 



Fr:ci uKe preceling pages it will be seen that the two observers who have investi* 
Si^ai "ine electromotive phenomena which are associated with the excitatory process^ 
rix : Pr»:.t'c9eor MuxK and Professor Kuxkel, have arrived at opposite conclusions as 
tfi tLeir Lac^ire. According to Munk, the electromotive activity of the plant cell 
frrazjia " in no direct relation to the water it contains " (p. 158). It is Kunkel's 
irA.r- ciHicIasion that they are determined by difiusion processes. MuXK gives as 
ihe resuh of his observations a complicated map of the distribution of electrical 
^ecaon on the sur&ce of the leaf of Dionaea (p. 40, figs. 14 and }5). Kunkel 
starts &om the proposition (which he does not stop to demonstrate) that electrical 
diiKrences do not exist at all in uninjured and untouched leaves (p. 372). According 
to ilrxK the electromotive properties of the leaf are referable to electromotors which 
resemble the electromotive molecules of du Bois-Reymond, with the exception that 
tLeir signs are reversed (p. 51). This hypothesis Kuxkel only mentions for the 
porpose of rejecting it (p. 371). There is, in short, but one respect in which they 
agree. Their descriptions of the phenomena are sufficiently explicit to make it pretty 
certain that they have both witnessed the same process. As r^ards the physiological 
rat^-ire of the phenomena the contradiction is complete. 



PARTE. 

DBScHiFnoy of the Methods axd Instruments Employed. 

The methods used in the study of the electromotive properties of an excitable living 
strocture, whether of plant or animal, may be grouped under four heads according as 
thev are adapted (A) for maintaining, during the period of observation, the external 
ccrditions of temperature, moisture, 4c., which are most conducive to vigorous life ; 
(B f-^T the investigation of the differences of tension (electrical potential) which exist 
•1^ •'.♦«? QhJ *kt same time between different parts of the siurfaoe of the •►riran : (O for 
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investigating the successive states (tension differen(^ which present themselves aiiter 
excitation, with reference to their duration and their time-relations with other 
phenomena or processes which precede or accompany them ; or (D) for exciting, or 
otherwise temporarily modifying the physiological conditions of the organ. 

The appliances used for these several purposes in the case of the leaf of Dionsea are 
as follows : — 

A. Means of mmntaining favourable conditions of temperature, <&c., during the 
period of observation. — By preliminary experiments it was ascertained that the 
conditioiK most favourable to the activity of the leaf are, that the temperature of 
the leaf should he from 32° C. to 35° C. and that the air should be nearly saturated. 
For the maintenance of these conditions the plant is placed in a chamber of the 
following construction (fig. 1). 

Fig. 1. 




The Warm Chamber. 
The BpoDges which serve to keep the air satnrated rest on the glass plate which covers the 
sliding floor. On this glass piste the plant, electrode holders, &c., rest. To withdraw them, 
the floor is made to slide out along the rails. The upper part of the tnbc of the regulator 
ie seen on the right side. (From a photograph.) 



The chamber measures 47 centims. wide and 40 centims. from back to front, and is 
26 centims. high. It is made of japanned tin plate. Its top, bottom, and sides are 
double, and separated from each other by a closed cavity of 1^ centims. in width, 
which is fiUed with water. Its front and back are closed by panes of glass which 
slide up and down in grooves. The water contained in the bottom, sides, and top is 
heated by an ordinary gas burner, 3 inches below the bottom, along which, and up 
one side a chimney, 2;^ centims. by 7\, leads. The temperature of the water is 
governed by an automatic regulator of the form described by Mr. Page in the Journal 
c 2 
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of the Chemical Society.* The chamher is provided with a sliding floor of wood, 
covered with glass, which serves to support the apparatus. The wires leading to the 
electrodes, &c., enter hy openings left on either side of the floor for the purpose. 

Mode of preparing the lea/ for ohaervation. — Whether the leaf is on the plant or 
not, it is necessary to fix it in such a way as to render it motionless. In our earlier 
experiments glass forceps were used, ingeniously contrived and constructed hy 
M^r. Faqe, of which the blades were of such form that while one of them applied itself 
to the upper surface of the leaf when in the fully expanded state, the lower supported 




The Leaf, seen from abore. 
The two end pings and tbe croas.bar, which etretchefl from margin to margin, serrv to 
prevent it from cloBing. 




The same Leaf, seon from the aide. (Both figures are copied from photographa.) 

the midrib, for the reception of which it was suitably grooved. A figure of this in- 
strument was given in our former paper.t We have now adopted a much better 
mode of immobilization which wUl be understood from the figure. Before otherwise 
interfering with the leaf, plaster of Paris, which has just been mixed with water, is 
introduced between the lobes at either end of the midrib, eo as to bridge the space 
between them. A splinter of dry wood is laid across from edge to edge of the lobes, 
the ends of which are cemented by plaster to the marginal hairs. The leaf so prepared 
is unable to close (figs. 2, 3). 

B. The galvanometer used is a Thomson of 5244 ohms resistance. The degree of 
sensibility best adapted for the ordinary purposes of the investigation is such that 
with a thousandth of a Daniell and a resistance of 10,0U0 ohms, added to that of the 



' Vol. )., 1876, p. 24. 



t Proceedings, 1873, p. 413. 
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galvanometer, we have a deflection of 350 scale; but for some rheotome observations, 
a much higher sensibility is required. With a view to more accurate reading of small 
deflections, a concave mirror, 10 centlms. wide, is placed in front of and below the 
scale, by means of which that part of the graduation nearest to zero can be seen 
enlarged. 

The electrodes. — The most important part of each electrode is a U-^haped tube 
containing saturated zinc sulphate, which is supported by a holderof the form shown 
in the figure (fig. 4). Into the end of the \) contained in the clamp, sinks a zinc rod, 

Pig. 4. 




A Non-polamable Electrode. (From a photograpli.) 



which is held by the spring clip, and is thus brought into metallic connexion with 
the coiled wire. This rod is hammered smooth at the end which is intended to be 
immersed, polished, and amalgamated by treating it sparingly with very weak solution 
of mercury in nitrohydrochloric acid. Into the opposite limb of the \J slips a narrow 
straight tube 1 centim. in length and about 5 millima in internal width, which is 
charged with paste of kaolin and solution of zinc sulphate. The tube has a rim of 
sealing wax at the top, which prevents it from sinking too far, and is surrounded by a 
conical beak, shaped with the fingers out of modelling clay (kaolin made into a paste 
with 075 per cent, solution of chloride of sodium). In order to bring the modelling 
clay to a pencU-like point, a length of several strands of ligature thread steeped in 
the solution is incorporated with it. These electrodes have a resistance of about 
6000 ohms and keep in order for any required time if the atmosphere is saturated 
or nearly so. The construction of the supports for the electrodes can be understood 
from the figure. It is sufiicient to notice that the collar slides on the horizontal 
rod of ebonite. This rod can be raised or lowered, or made to rotate round the 
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vertical axis, bj working screws, of which the loilled beads are CfiDvementlj placed for 
the purpose. 

7Xe comperiMitOT. — As is well kaown to everv' reader of pbjsiological books. 
Professor du Bois-Reymonu has applied the term to an instrument which consists 
esaentiallj of a long thin wire connecting the poles of a standard cell. The wire being 
of uniform thickness, the difference of potential between anj two points in its length 
is to the whole difference between the ends, as the distance between these points is to 
the total length. In a compensaCor so constructed the total difference has to be 
determined by a previous operation. The compensator we employ differs in no 
respect in principle from the potentiometer of Mr, Latemeb Clabke' in which the 
total difference is equal to the whole electromotive force of the standard cell, and not, 
as in DC Bois' compensator, to a certain portion of it. The form we have ^^ren 
to the instniment is very different from that of Mr. Clabke's instrument, and far 
more convenient for our purpose (fig. 5). The compensator wire, or rheochord, has 




Compensator ami Revereer. ( From a photograph, ) 



a total resistance of 5 ohms. On a board, 27 centim.i. long, is fixed a rail of vulcanite 
1 centim. broad and as much high, and 25 centims. long. Along the upper margin of 
this rail, which is divided into millimeters, runs a wire of platinum, of which the resis- 
tance is equal to a J ohm. Each end terminates in a metal block. A second raU or 
bar of Ijrajw runs along the board parallel to the firet. It is broken at two points for 
connexion with the end of the coils 1 and 2, of which the resistances are severally 
2{ arid 2^ ohms, so that when the plugs are out the total resistance between the ends 
of the Ijar Lh 4'75 ohms. Tlie bar is united at one end with one of the terminals of 
the gntfliiatwl wire. At the other it has a binding screw with two holes. Tlie 
opfKrtite tenninal of the graduated wire has two binding screws, one with two, the 

" *' On » VoIUic Standard of Electromotive Force," Proceedings, IfTi, p. 444. 
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other with one hole. On the vulcanite rail nms a brass sliding block or rider, the 
form of which is seen in &g. 5. It rests on the surface of the graduated wire by its 
cross wire, and is coimected with the binding screw by a flexible wire. From the 
construction it is obvious that the difference of potential between t^e binding screws 
B and C, is to the total difference between A. and B, as the length of wire, in millims. 
between B and the point at which the cross wire rests on the graduated wire is to 
5000 millims. In other words, that each milhm. of the graduation corresponds to 
j^^th of the total difference. In use, A and B are connected by one pair of wires 
with the standard cell through a galvanometer, by the other pair with an " auxiliary 
battery " through a rhec^tat as described in Mr. Latimer Claaee's paper. 

Measurement of electrical resistance. — It is of great importance to have the means of 
becoming promptly aware of the changes of resistance whidi occur in the course of a long 
observation. For this purpose we adopt the plan of from time tu time measuring the 
deflection due to 10 millims. of wire = yj^j Daniell. In investigating plant struc- 
tures that method Ls pratically of great value, for the resistances we have to encounter 
vary, roughly speaking, between 50,000 and 100,000 ohms. As, therefore, we know 
approximately that our circuit, when the electrodes are in contact, is about 12,000 ohms, 
viz.: 6000 for the galvanometer and about as much for the electrodes, such changes as 
often occur are obvious enough. In the mode of leading off used iu the fundamental 
experiment (see Part IV., p. 25) we obtain, if the contact is successfully made, with an 
over compensation of j^ Daniell a deflection of about a tenth of the deflection due 
to the s^ne electromotive force when the electrodes are in contact with each other. 
If it is less than that, we regard the leading off as unsatisiactory. For actual mea- 
surement, we have at hand on an adjoining table a Wheatstone's bridge arrangement, 
which can be brought into connexion with our circuit without loss of time when 
required, by means of a switch which is substituted for the key which otherwise 
receives the wires from the leading off electrodes.* 

* This corresponds to K.' in tlia. diagram. Here L represesta the leaf, /and nt the leading off contacts, 
X and ai' the exciting contacts, I and II the prim&iy and secondar; coils, R the rheotome, C the com- 




Diii^'mm of Connexions of Conipousatof. 
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C. For the preliminary investigation of the time relations of the electromotive changes 
which follow excitation the most valuable instrument is the capillary electrometer. 
Two important improvements have been recently made in the constiniction of this 
instrument by my friend Professor Lov^n,* of Stockholm. The first of these consists in 
constructing the tube which contains the dilute sulphuric acid, of extremely thin glass 
so that the capillary tube which is in contact with its internal surface can be observed 
with a magnifying power of at least 300 or 400 diameters (No. 10 Habtnack). The 
other consists in cementing the sulphuric acid tube to the mercury tube, so that no 
evaporation takes place. By the first, the instrument is rendered much more sensitive, 
by the second, variations in the strength of the sulphuric acid which arise from 
evaporation are avoided. When used for the purpose of observing a rapid succession 
of changes in the electrical relations of two led off surfaces, its superiority to the 
galvanometer is very striking. The movements of the mercurial column not only 
correspond closely in time to the actual changes which they represent, but express 
with very great accuracy the differences of potential which actually exist in each 
successive phase of a variation. In the beginning of an investigation this is invaluable, 
for the summary information of the duration, character, and progress of the electrical 
disturbance produced by excitation, which the electrometer affords, renders it possible 
to avoid loss of time in the subsequent application of more acciirate modes of measure- 
ment. For the rougher kinds of time measurement, the use of the electrometer may 
be combined with that of the electro-magnetic signal, in the manner explained in our 
former paper. By this means the occurrence of an event can be determined within a 
tenth of a second by a single observation, and, of course, much more accurately by 
repetition. As a means of measuring electromotive force, the electrometer may be 
used with great advantage when the electrical states to be investigated are transitory, 
and at the same time so irregular that the rheotome could not be applied. For this 
purpose it is much better to measm^e the electromotive value of each excursion with 
the aid of the compensator than to deduce it, as has been done by FLEiscHL,t from the 
*' compensation pressure." With this exception the measurements of electromotive 
force can be made much more accurately with the galvanometer. If it were possible 
to photograph the motions of the mercurial column of the electrometer it would be an 
addition to its usefulness. 

Use of the Pendulum Myogixjuph as a Rheotome. — ^The pendulum myograph (fig. 7) 
is essentially a seconds pendulum, the weight of which carries a glass plate so fixed 

pcnfiator, G the galvanometer^ £ the capillary electrometer. The wiree marked with arrows lead to a 
battery. K, K^, Ac, are keys. W is a switch bj which the wires fix>m the electrodes may be oonseoted 
either with the galvanometer (as shown in the diagram), or with the electrometer (as when the bridge is 
turned to the right), w is the reverser connected with the compensator shown in fig. 5. 

* Lov^, ** Om kapillarelektrometem och kviksilfertelefonen," Nordiskt medic. Aridv. vol. xi., No. 14. 

t V. Fleischl, ** Ueber die Constraction und Vcrwendnng dcs Capillar-Electrometers, fur electrophy* 
siologischo Zwcoko.** Aixjhiv. f. Aiiat. d. Physiol., 1870, p. 209. 
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that the surface oscillates in its owd plana If this sur&ce is blackened, and a 
tuning fork is allowed to inscribe its vibrations on it during its swing, it is easy 
to determine the time occupied by the pendulum in accomplishing any given distance 
taken at any part of its course from the tracing. I have provided my pendulum with 
a fixed circular scale, on which each division is at such a distance from the next that 
the trigger in passmg from cue to the other occupies one hundredth of a second. 
Against this scale slide four keys, as seen in the drawing. Each key is so constructed 

Kg- 7. 




Th« Pendalom-Bbeotome (represented aa if in motion). 
The motion of tlie pendolnm is from right to left. The detent (on the Hght) is provided with 
a wire, hj means of which the pendnlnm can be " let off " b; the observer at the galvano- 
meter, wMch must necessarily be at a distance. (From a photograph.) 



that the trigger in passing, opens it. By means of these four keys two circuits can be 
independently closed and opened one afrer the other, and the time of closing and of 
opening can be determined with great exactitude, according to the following plan 
(fig- 8). 

Provided that the evente of which the time relations are to be investigated occur 
within a third of a second, this is an excellent form of rheotome. In opening a key 
of the kind employed no time is lost ; consequently, the time-interval of closure of 
the circuit corresponds exactly to the distance between I. and II., or between III. 

Mixxxxxxxii. p 
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an3 TV., as the ca« mav be. When longer periods have to be inveetigated the 
tlieoiotDe preTiousIy described bj me, in reUtion to my experiments on the time 
rekddDS of the excatatory process in the hearti answers perfectly. 

D. il^hodi or' Exdtation. — ^For electrical excitation (whether by the voltaic or 
induction oirrent) it is necessary to use non-polarizable electrodes. As tlie space 
between the u|^r sui&oes of the lobes is insufficient to allow of the introduction of 
two electrodes of the fonu used for leading off, it is convenient to use a ampler form 
which, although not so perfect, answers the purpose completely. It is merely a 2dnc 
rod of which the amalgamated end is sheathed in wash-leather steeped in solution (^ 
zinc sulphate. The sheathed end is endosed in a lai^r sheath of the same materia^ 
steeped in solution of salt, which ends in a point convenient for contact. The zinc 
rods are held by supports which allow of their points being brought into any required 
poriuon with accuracy. 

Fig. 8. 




Di^nm of the connexions of the Pendalom Rheotome as uaed for detenniDing time of 
commencemeat of first phase, rate of propagatioD. Ax. 



PART III. 

Electbomotite Properties op the Uxixjured Leaf. 

The pwliminarv examination which was made in 1 876 of the electromotive propertiea 
of the uninjured leaf appeared to show, first, that the extemal surface of each lobe 
is always positive to the internal surface, and, secondly, that in general the part of the 
midrib which is nearest to the sensitive hairs is positive to other parts of the extemal 
surface of the leaf. The more complete knowledge which has been acquired by work 
done since, justifies the statement that these two propositions express the truth. 
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With reference to tlie second and less important of them, I will refer to the following 
observations made in the Laboratory of the Royal Gardens at Kew in the summer of 
1878. 

NeyaXivity of lobe to midrib. — A leaf having been cut off and placed in the warm 
chamber, of which the temperature varied from 29° C. to 33" C. with the leaf-stalk 
in water, leading off contacts were made on the external surface of one lobe (m) and on 
the midrib/ (see fig. 9). The difference* of potential was at first -0006 D. The 
leaf was then excited by touching the right central hair at intervals of 5" for 
70'. Each excitation produced a normal diphasic variation, indicating that m 
became first negative, then positive to / After each excitation the difference 
was compensated. After the first two it fell to — 0"0026 D. and thereafter to 
— 0'0006 D. In other words, the after-effect of excitation {see Part V.) was opposed 
in direction to the original difference. A second leaf was prepared in the same way 

Pig. 9. 




Leaf led oS from nnder Borfaoe of right lobe and under Bar&ce of midrib, excited from left lobe. 

and left in the ch^nber, of which the air was nearly saturated, all night, the tempera- 
ture being 29° C. At 11.40 next morning the difference was — 0'004 D., having 
been — 0"009 D. the evening before. Aft«r excitation of the hairs of the opposite 
lobe it fell to —0-0026 D., and subsequently to —0001 D. A third leaf, similarly led 
off and placed in a diamber as before, showed a difference of — 0*0214 D., the lobes 
and marginal hairs being fully expanded. After the first mechfuiical excitation of the 
hairs of the opposite lobe, the marginal hairs became incurved without any further 
change of form of the leaf; the difference fell to — 0"019 D. After a second excita- 
tion it was — O'OIS D. and then sank, after repeated touches of the hairs, until, 
75 minutes after the first observation, the leaf escaped &om the holder without further 
disturbance of the leading off contacts, the last reading being —0-012 D. It remained 

' To save iuiDeceBa«7 repetition in the following pages the word difference, printed in leaded type, 

will be used for " difference of potential." It need scarcely be added tliat the letter D. stands for Damkli.. 

d2 
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in the chamber until next morning, when a fine glass rod was introduced between the 
marginal hairs for the purpose of excitation ; the difference was now — 0'007 D. The 
leaf was subjected to a series of excitations, each of which was followed by a normal 
diphasic variation. A fourth leaf was led off in the same way, but it was not, like the 
preceding ones, restrained by the glass holder. It was placed in the warm chamber at 
1.30 P.M. and observed at intervals until 4.30 p.m. The difference varied from 
—0-032 D. to —0-029 D. On returning next morning it had diminished to — O'OIS D. 
It was at once excited by gently touching the distal sensitive hair of the led off lobe, 
the leaf responding by a normal variation but not closing. At once the difference 
sunk to — 0*054 D. After a second excitation of the same kind the leaf closed smartly, 
the subsequent difference being -0*045 D. Another leaf (not of the same series) 
was led off by three contacts, one (/) at the midrib, the other two at the middle of 
the external surface of each lobe (m and m'), so that these surfaces could be severally 
compared with f. Both m and m' were negative to /, the difference being 
m —0-018 D., and m' —0-024 D. In another similar observation the corresponding 
differences were m —0*038 D,, and m' —0*033 D. After a few excitations these 
diminished to —0*011 D. and — 0'004 D. 

The above observations, with the exception of the two last, were made for the 
purpose of ascertaining the truth of Professor Munk's statement, that the external 
surface of the lobe is negative to the under surface of the midrib. They tend to show 
that the difference in question is one of frequent (perhaps constant) occurrence in 
unexcited leaves, and that it diminishes in consequence of excitation. 

We now proceed to the study of the second, and much more important, of the two 
statements made in our previous paper relating to the electromotive properties of the 
resting leaf. The fact that the external surface of the lobe is positive to the internal 
surface opposite to it, we propose to designate by the term "cross difference," which 
sufficiently expresses its own meaning. It will be remembered that the existence of 
any such difference is denied by Professor Munk, who holds that the opposite 
surfaces of the lobe are isoelectrical. 

In a preliminary series of observations made in the Laboratory of the Royal Gardens 
at the same time with those already referred to no exceptions were met with. No 
importance, however, could be attached to the bare fact of the negativity of the 
internal surface unless it could be shown to be physiological in its nature — that is, not 
a result of the merely chemical or physical differences of the two opposite surfaces of 
contact. The method which is employed for determining whether a phenomenon is 
physiological or not, must always be the same. It consists in observing whether its 
development is so associated with the functions of the living part or organism in which 
it has its seat as to indicate that it is dependent upon it or forms part of it. It was 
therefore the first step towards determining the physiological meaning of the cross 
difference, to ascertain whether it is modified by changes in the vital activity of the 
leaf, and particularly whether it is the same in unexcited and in excited leaves, and 
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whether the change produced by excitation, if any, is in relation with the excitatory 
process itself. 

The first observation on this subject was made in September, 1879, in the course of 
experiments made for other purposes. A leaf was led off as shown in the diagram 
(fig. 9) — that is, by opposite contacts, of which the Internal corresponded to the space 
between the distal and proximal sensitive hairs, the surfaces of contact being as large as 
possible. The leaf was placed in the chamber at 38° C, and was kept there for an 
hour, at the end of which the two surfaces were nearly equipotential, there having 
been previously a difference of — 0'007 D. During a period of 40 minutes the leaf 
was subjected to a series of 16 excitations, in the course of which the difference rose 




Leading off electrodes on right lobe. Exciting electrodes on left. 

from +0-001 D. to +0'0U4 D. After a second series of 15 excitations it rose to 
+0*032 D. In another leaf, observed the following day by the same method, the 
difference increased during 14 excitations from +0'0084 D. to +0*046 D. In a 
third the initial difference was +0*0036 D. During the following two hours the leaf 
was excited 28 times at nearly equal intervals. At the end of the first half hour the 
difference was +0*0082 D. ; at the end of the second, +0*118 D. ; of the third, 
+0-0178 D. ; of the fourth, +0*024 D. In the first of these three observations the 
leaf was excited mechanically — that is, by touching the sensitive hairs of the opposite 
lobe. In the second and third, single opening induction currents were led through the 
opposite lobe by pointed electrodes which penetrated its external surface. 

It was not until the next year that the opportunity offered of further investigating 
this effect. A leaf was led off for the purpose, as in the previous experiment, by 
opposite contacts, the electrode being applied to the internal surfece between the 
distal and proximal sensitive hairs. To ensure a more satisfactory initial detennina* 
tion of the cross difference in the unexcited leaf, it was introduced into the chamber 
(of which the temperature was 20° C.) the day before, in order that any accidental 
difference due to initial changes at the surface of contact might be got rid of The 
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observations were as follows : — Before excitation the cross difference was +0'024 D. ; 
immediately after excitation, by exciting mechanically the sensitive hairs of the 
opposite lobe, it was +0*031 D.,but soon diminished to +0*026 D. A second excita- 
tion had a similar effect — it rose to +0'029 D. Aft^er an hour s rest in the chamber the 
experiment was repeated. Before excitation the cross difference was +0*025 D. ; on 
compensating as quickly as possible it was found to have risen (about haJf a minute 
after excitation) to +0*035 D. ; in five minutes it had fallen to +0*028 D. A second 
excitation similarly observed raised the cross difference to +0'031 D., after which it 
fell to +0*028 D. Four similar observations gave corresponding results, but the effect 
produced (increase of the cross difference), which in the first experiment of the series 
amounted to one-hundredth of a Danibll, did not in the later ones exceed one-five 
himdredth. The indication that these phenomena afford that the electrical difference 
which exists in the unexcited leaf of DionaBa between the opposite surfaces is in 
physiological relation with the excitatory properties of the leaf will receive confirma- 
tion when, in the next part of this paper, we have before us the immediate effects of 
excitation. 

In the short communication I made to the Royal Society in 1873, in which I 
announced the discovery of the excitatory electrical change in the leaf of DionsBa^ I 
stated the existence of a '' leaf current " directed from the proximal to the distal end 
of the midrib in the uninjured leaf. I had observed that, in general, the attached end 
of the midrib was negative to the ftirther end, and expressed this fact in the language 
commonly used in physiological writings. I had also found that the under surface of 
the leaf stalk in the neighbourhood of the joint by which the leaf is attached to it, 
was negative to the rest of the leaf stalk, and designated this negativity by the term 
*' stalk current." I had further observed that if the current from a battery (a small 
Daniell's cell) was directed through the leaf stalk at the same time that the two 
ends of the midrib were led off to the galvanometer, the difference previously 
existing between the ends of the midrib was increased if the current led through the 
leaf stalk were in the same direction with the leaf current, diminished if it were in the 
opposite direction. I had finally observed that in leaves severed from the plant, the 
"leaf current" was curiously dependent on the length of the petiole,* so that the 
shorter the petiole the greater was the negativity of the proximal end as compared 
with the distal. Of these four observations relating to the electromotive properties of 
the unexcited leaf, all may be readily demonstrated in most leaves. The more com- 
plete knowledge of the subject which I now possess leads me to regard the first two 
as of little importance. The third possesses a greater interest, for it affords evidence 
that in the plant a voltaic current conducted through a living part not only influences 
the condition of the part thi-ough which it flows, but extends that influence to extra- 

* The experiment was related as follows : — *' In a leaf with a petiole an inch long I observed a deflec- 
tion of 40 scale. I then cat off half, then half the remainder, and so on. After these snccessive 
amputations, the deflections were respectively 50, G5, 90, 120.'* (Proceedings, vol. 21, p. 495.) 
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polar parts, affecting them in the same way as in nerve, so that whatever may be 
the nature of the action in the two cases, the phenomena scarcely admit of being 
distinguished from each other, as may be seen from the following experiments made 
in the Kew Laboratory in July, 1878. 

A leaf was led off at the points / and m and/' m' in the diagram (fig. 11). The 
negativity of the attached to the free end of the leaf required 0-01 D. to compensate 
it, which was expressed by a deflection of 27 scale of the galvanometer. Between the 
two led off surfeces of the petiole there was a difference of 0'006 D., the leaf end 
being negative to the other. These measuremeats having been made, the contacts 

Fig. 11. 




Digram of experiment as to extra polar-inflnence of voltaic cnrrenta. The strong arrows 
indicate the direction of the derived cnrrent; the weak arrows that of the oarrent deter- 
mined by it in the leaf. N,B. — The reverser should be tamed the other way. 



/ and m were led off to the galvanometer, while f and m' were connected with 
the compensator. The compensator was then reversed so as to conduct a current into 
the petiole opposite to that which would have been required to compensate it — in the 
same direction, therefore, as the natural difference — and the slide was pushed along 
until the needle of the galvanometer was brought to zero. The slide was then at a 
position indicating -{-0*024 D. 

I have since endeavoured to determine the relation between the remarkable extra 
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polar effect (which so strikingly resembles the electrotonic variation of nerve) and the 
strength of the current which produces it, more accurately. For this purpose currents 
of various strengths, derived from a rheochord, were conducted through the leaf stalk, 
the leaf being led off as in the experiment last described. The effects observed were 
as follows: — With 25'centims. of rheochord wire,* corresponding to a difference of 
potential of about a quarter of a Danibll, the difference between the two leaf 
electrodes was diminished when the derived current was directed from the leaf, from 
—0*007 to — 0*0058, and increased to about — 0*008 when it was reversed. With 
twice the length of wire (about half a Daniell) it was diminished from — 0'006 to 
— 0'004 when the derived current was directed from the leaf. Finally, with three 
times the length of wire the difference, which had now fallen to —0*005, was 
abolished; so that when the galvanometer was uncompensated, the needle was 
brought to zero by the derived current through the petiole. 

It was ascertained by careful [experiments that the electromotive change in the 
leaf ceajsed with the current which induced it. When the experiment was so arranged 
that the galvanometer circuit having been open during the passage of the "polarizing'* 
current was closed at the moment that it ceased, the needle remained motionless. 

In the above experiment it is seen that the induced difference of potential between 
the leading off contacts was very small indeed as compared with that of the contacts 
by which the derived current entered and left the petiole. But it is to be borne in 
mind that this relation does not express the true relation between the electromotive 
forces, for this reason : We have already assumed that all electrical changes dependent 
on physiological action, have their seat in the parenchyma, and this assumption is as 
applicable to the leaf-stalk as to the leaf itself Consequently the " polarizing " effect 
of a voltaic current led from one point to another of the surface of the leaf-stalk 
depends, not on the electrical difference thereby determined between the surfaces of 
contact, but on the differences between the end cells of the interpolar stratum of 
parenchyma. Now it is known experimentally, first, that the resistance encountered 
by a current led as above described through a leaf-stalk is enormous, and secondly, 
that this resistance has its seat at the surface, whereas the longitudinal resistance of 
the middle stratum is relatively small. The result is that the physiological or 
" polarizing " effect of the current on the parenchyma which is the immediate effect of 
the electrical difference determined by the current between the most and the least 
positive (or negative, as the case may be) cells of the parenchyma, is a very inconsider- 
able fraction indeed of what it would be if the polarizing electrodes could be applied 
directly to the parenchyma itself These considerations lead me to believe that 
although in the experiment related on the previous page the currents used were 
relatively considerable, there is no reason to suppose that the electrical changes in the 
parenchyma exceeded those (to be described in the next part of this paper) which, in 

* With reference to this mode of using the rheochord, see p. 42 (Excitatory influence of the Toltaio 
purrent), 
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the excitable parenchyma of the leaf are associated with the excitatory state, and 
consequently I am led to regard it as possible that these changes may not be inadequate 
to produce secondary changes of the same kind in the petiole- —in other words, that if 
the petiole were led off during the excitatory variation, it would show a variation in 
the same direction. Want of material has rendered it impossible to settle this important 
question experimentally. 

The statement contained in my preliminary note in 1873, that the amputation of the 
petiole always increases and often doubles or trebles the electromotive force of the 
" leaf current," in other words, increases the negativity or diminishes the positivity of 
the end of the leaf which is next to it, has been confirmed by further and more exact 
observations. In illustration of it the following experiment may be given. A leaf 
was led off in the way described in my note by the two ends of the under surface of 
the midrib, with the fixed electrode at the distal end, it being still on the plant. The 
difference between the two surfaces was found to be — 0*011 D. On excitation by 
touching a hair a normal variation was observed, consisting of a positive deflection 
followed by a prolonged negative after effect, that is, the same phenomena as were 
described in 1873. On cutting off the leaf with as long a petiole as possible, no effect 
could be observed on the difference. Half the petiole having been removed without 
effect, the difference being now — 0'0112, half the remainder was removed, the result 
of which was that the difference increased (the observation being made as soon as 
compensation could be effected, that is, within a minute after the amputation) to 
— 0'0198. In the course of a few minutes the difference sank to — O'Ol, that is, a 
little below its original amount. Amputating half of the remainder of the petiole still 
attached raised it at once to — 0'023, but it soon sank to —O'Ol 7. Clipping off the 
stimip of the petiole which still remained, produced only a slight increase to — 02. 
Throughout these experiments the excitatory variation exhibited the same character. 
We have thus before us two sets of facts relating to the electrical influence of the petiole 
on the leaf, viz. : (1) that a current through the petiole, if directed towards the leaf, 
renders the attached and proximal end negative to the distal, and (2) that removal 
of the petiole produces the same effect. I am imable at present to explain either of 
these phenomena. The nature of the electrical relation between the two organs which 
underlies both must remain undetermined until it is possible to make fm-ther 
experiments. 

PART IV. 

The Electeical Effects of Excitation. 

1. The fundammtcd experinienL — Under this term I propose to designate the 
observation of the electrical effects which present themselves when the leaf is led off 
by opposite surfaces of one lobe, while the other is excited by any of the methods 
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described in Part II. It is to be understood that the electrode/* is always appUed 
to the internal surface of the leaf between the three hairs (in the trigone) and the 
electrode m to the outside surface exactly opposite/. What happens under this 
condition is always the same. After a delay — of which the duration varies with the 
temperature — the external surface becomes first negative, then positive, to the internal. 
For the purpose of giving ageneral view of the time-relation of the first phase of the 
variation, I submit the following table, which gives the results of three successive 
rheotome observations t : — 







Time after exciiation at which galvanometer circait o 


pened. 


l'-6. 


Obs. I. — Deflection . . 
(100 sc.=0063 D.) 

Obs. II. — Deflection . . 
(100 8C.=0-045 D.) 

Obs. TTI.— Deflection . 
(100 sc.=00353 D.) 

Mean resnlt . . . 

1 

1 


0-2" 


0-4'. 

1 


0-6'. 


0-8'. 


1 1 

l-O. l"-2. 





1 
1 





3 
4 

19 
17 

5 
3 


8 
10 

30 
27 

36 
26 


22 
28 

45 
40 

55 
39 

36 


28 
35 

44 
39 

42 
30 


25 
31 

29 
26 

17 
13 


29 
38 

8 
7 

21 
15 


16 
20 

2 
2 

7 
5 


0-3 


8 


20 


35 


23 

1 


20 


9 



Each of the leaves employed in the experiments of which the results are given 
Was fixed in the glass holder described in Part III., and led off, as above explained, 
by opposite contacts. The three observations were made consecutively ; the opposite 
lobe to the one led off was excited by the rheotome (see fig. 6), the electrodes 
used being steel needles, of which the points (2 millims. apart) were inserted into the 
external surface of the lobe. It was consequently necessary to move them three or 
four times during the period of observation, care being taken that each new insertion 
should be at the same distance from the middle line of the leaf as its predecessor. 
Every excitation was repeated twice, and, if the deflections obtained differed in 
extent, a third time. As it was of much more importance to complete the observa- 
tion while the leaf remained in a normal condition than to obtain great accuracy in 

* In using the letters / and m to designate the leading ofi* electrodes, it is assumed, as in former 
papers, for convenience of description and for no other purpose, that any difference or current is to be 
called negative when it is of such a nature that m becomes negative to /, and vice versa. The words 
'* negative ** and " positive " therefore have only a relative meaning. 

f The numbers in ordinary figures represent the actual deflection observed ; those in black type, what 
they would have been had the resistance been equal in all the experiments and such that a difference of 
005 D. would have been expressed by 100 scale of the galvanometer. The sensibility of the galvano- 
meter was purposely reduced for this preliminary experiment, it being desirable to lengthen the periods 
of closure to 0*2". 
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the readings, they were not repeated more frequently than appeared necessary. In 
each experiment the leaf was introduced into the warm chamber at 32° C. some time 
before the observation began. The observations were made at intervals of two 
minutes and a half, and the number of excitations necessary for each was from 20 to 
25. Consequently, each lasted nearly an hour. 

The observations given in the table serve to show that the variation lasts during the 
whole of the first and the greater part of the second second, and that it culminates 
at from six to eight-tenths of a second after excitation. For these purposes it was 
thought best to employ long periods of closure (using the galvanometer in a very 
insensible state) and to make the end of one period coincide with the beginning of the 
next in such a way as to cover the whole period to be investigated. But such a 
method was quite inadequate to give information as to the question of greatest 
importance in relation to the excitatory variation — that of the time at which the 
eflfect commences. For this purpose it was necessary to shorten the periods of closure, 
and consequently to increase the sensibility of the galvanometer. We therefore 
substituted for the revolving rheotome the " pendulum " rheotome, of which the 
description is given in Part III. The instrument is so airanged for the experiment 
that on swinging from right to left it opens three keys in succession — K 1, K 2, 
K 3 (see fig. 8). Of these, the first occupies a fixed position, so that it is opened 
about O'l'' after the pendulum is liberated. This position corresponds to zero of the 
pendulum scale. The other two keys, K 2 and K 3, can be slid along to any required 
distance from K 1. The binding screws of K 1 are connected with the primary 
circuit of the induction coil ; those of K 2 with the shunt of the galvanometer, so 
that when this key is closed the galvanometer is ''short circuited;" those of K 3 are 
interpolated in the galvanometer circuit between the leading-off electrodes and the 
shunt. Consequently, when the three keys (being previously closed) are opened in 
succession by the pendulum, the primary circuit is first opened by K 1, the galvano- 
meter circuit is unbridged — that is, closed — by K 2, and again broken by K 3. As 
the scale of the pendulum is divided into hundredths of a second and extends over a 
period of a quarter of a second, this arrangement affords the means of investigating 
with great exactitude the events of the beginning of the variation. 

The galvanometer is brought to such a degree of sensibility that with a resistance 
of 10,000 ohms, in addition to that of the galvanometer in circuit, 00001 D. gives a 
deflection of 97 scale. To facilitate accurate reading a slightly concave mirror is 
placed in front of the scale, by means of which an enlarged image of the part of 
the scale most used can be seen by the observer without fatigue. The leaf is led off 
and excited as in the fundamental experiment. For excitation, non-polarizable 
electrodes of the form described at D, p. 18, are used, the contacts being opposite, 
and corresponding in position to those of the leading off electrodes applied to the 
opposite lobe. The plant of which it forms part is placed in the chamber, the air of 
which is saturated, at 26° C, 

^ 2 
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It having been first ascertained that when K 2 was at 0'2'' of the scale of the 
pendulum, and K 3 at 4'', there was no variation, successive observations were 
taken with K 3 at positions further and further removed from K 2 (which remained 
stationary at 02'') with the following results : — With K 3 at 6" there was a trace 
of movement of the needle ; with K 3 at 0'08'' it had increased to —4 scale ; at O'l" 
to 12 ; at 0*15" to —39 sc. To complete the observation K 2 was moved to 0*1" 
and K 3 to 0*2", so that the period of closiure now corresponded to the second tenth 
of a second after excitation; the galvanometer reading was —161 sc. ; finally^ 
between 0*2'' and 0*3'' we had —248 sa 

In four other experiments the results (stated shortly) were as follows : — 

Experiment I. Temperature 32-35° C. 0-02''-0-4^ no deflection ; 0-02' -O'OS'', 
a trace ; 0-02'-006'', —5 sc. ; 0*02' -O'l'', —35 sc, —31 sc. 

Experiment 11. Temperature 34° C. 0-02'-0-04", no deflection ; *0-02'-0-05", 
-3 sc. ; 0-02' -0-06", -6 sc. ; 0-02'-0-15", -70 sc. 

Experiment III. Temperature 32° C. 0-02''-0-06^ no deflection; 0-02''-0-08^ no 
deflection ; 0-02'-0-10^ —13 sc, 22 sc, 23 sc ; 0-02'-0-9^ —10 sc, 7 sc, after 
which previous negative results were verified by repetition. 

Experiment IV. Temperature 36° C. 0*02' -0-04", trace ; 002' -0-05", —4 sc, 6 sc ; 
0'02"-0-6", —8 sc, 10 sc; 0-02''-0-8^ —12 sc ; 0*02' -O'l'', —16 sc 

The experiments were made consecutively, that is, on successive days, and, with 
the exception of Experiment IV., under precisely similar conditions. In Experi- 
ment IV. the temperature was inadvertently allowed to rise to 36°,* a fact which 
sufficiently accounts for the somewhat earlier beginning of the variation. 

The experimental results which have been given justify the statement (1) that 
the first phase of the variation is entirely negative ; (2) that it begins (at the tempe- 
rature of 32° C.) about one- twentieth of a second after the excitation ; (3) that its 
electromotive force rises rapidly at first and subsequently very gradually ; (4) that 
it culminates about the end of the first half-second after excitation and subsides 
gradually towards the end of the third half-second. 

In the paper which I communicated to the Royal Society with Mr. Page in 1876, 
I stated that the variation of the leaf did not begin until two-tenths of a second after 
excitation, and gave the grounds on which the statement was based. The experiments 
which led us to conclude that what we then called the "electrical delay" (the interval 
of apparent electrical inactivity) were correctly made. We repeated them under 
the most favourable circumstances in the Kew Laboratory in 1878,t with perfectly 
similar results, but nevertheless our interpretation of them was erroneous. 

* It is^ probably also worth noting that the daj on which this experiment was made was the hottest 
of last summer, Friday, July 16. 

t The observations made at Kew, in 1878, gave 0*12" as the shortest period of delay when the 
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In 1876 we used an arrangement by which (1) the act of excitation (if mechanical, 
the depressing of a lever which brought a camel-hair pencil into contact with one of 
the sensitive hairs ; if electrical, the breaking of the primary circuit of the induction 
apparatus) recorded itself on a blackened cylinder revolving at a rapid rate by clock- 
work ; and (2) the record of the response was inscribed on the same cylinder. 

In the first record, the inscription of which was effected with the aid of Deprez' 
electro-magnetic " signal," or chronograph, the loss of time was inappreciable. The 
response was the motion of the mercurial column of the capiUary electrometer. This 
was observed by one of us (Mr. Page), who recorded the event on the cylinder 
by closing the current through the *' signal" which the other had broken in the act of 
excitation. The interval between break and make of the signal current comprised : 
(l) the physiological delay to be measured ; (2) the instrumental delay (that is the 
time lost, if any, in moving the mercurial column) ; and (8) the " personal time" 
or " reaction time" of the observer. The last we had no difficulty in eliminating, for 
Mr. Page's personal time was subject to very slight variation. The second we 
had not taken into accoimt at all, assuming it to be non-existent. The consideration 
that excitatory difference in Dionaea probably begins gradually, and that if so 
the motion of the column is slow, and may therefore not be perceived until a longer 
period than the normal time after it has actually begun, led us later to conclude that 
our method was inadequate for the purpose, and that the only way by which the 
question could be settled was by the use of the rheotome and galvanometer. 

The aftefi' effect, — The change which has been above described as occupying the 
greater part of the first 2" after excitation is followed by a period during which the 
siurfaces are nearly, or absolutely, in the same condition electrically as they were before 
excitation, but sooner or later a secondary effect begins, which I propose to call the 
after effect.^ During the after effect the internal surface becomes negative to the 
external. 

In order to bring the after effect into view, the rate of the rheotome must be 
reduced and the periods of closure much lengthened. In our first observation the rate 
of revolution was 1 in 78", and the closing time \'^'\ The leaf was excited as before 
at intervals of three minutes, without being placed in the chamber, the temperatiure of 
the room being 18° C, the mode of excitation being the same as in the previous series. 
After the first excitation the galvanometer circuit was closed between 1'3'' after excita- 
tion, and 2*6''. In this case the deflection was negative, for, in consequence of the rela- 
tively low temperature at which the observation was taken, the first phase of the 

measurement was made in the moist chamber at 32° C. — a result which exceeds the tmth by abont 0*05". 
Assuming that the error is to be set down, not of coarse to loss of time in transmission of the efiEect to 
the mercurial column, but to the lengthening of the '* reaction time " when the motion to be perceived 
is gradual, it renders all the observations made by signalling with the electrometer useless for the 
purpose of measuring the duration of the delay, but does not interfere with the use of this method for 
other purposes, particularly for determining which of the two similar electrical responses occurs earliest. 
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variation was prolonged so as probably to cover a great part of the closing time. In 
the second experiment, the closing time being 1*3'' later, namely, from 2*6" to 3*9'' 
after excitation, there was a positive deflection which was not measured* In the third, 
1*3'' later, the positive deflection was 90, in the following ones, successively, +71, 
+ 70, +50, +45, +30, +30, and so on. On placing the leaf in the chamber and 
repeating the observation a perfectly similar set of results was obtained. Between 
0*6'' and 1*95'' after excitation there was a negative deflection of —380. Between 
1*3'' and 2*6'' a much smaller negative of —70, these being the expression of the first 
phase. Then followed between 2*6'' and 3*9'' a positive deflection of +6, after which, 
at successive consecutive periods, +100, +75, +70, +42, +20, and so on. 

From these and other similar observations made by the same method, it appears that 
in the fundamental experiment the external surface which, 4" or 5'' after excitation, 
attains its greatest positivity as compared with the internal, returns very slowly (if at 
all) to its previous state. Various other methods were used for the purpose of observing 
the progress of the after effect with more completeness, of which the best is exemplified 
in the following experiment. 

The method employed was as follows : — It having been ascertained that the electro- 
motive force of the after eflfect at 2'' after excitation corresponded to a deflection of 
160 galvanometer scale^ of which the equivalent was 0*016 D., the galvanometer having 
been over compensated to that extent was closed at V after excitation. In this way 
the needle was brought so nearly to rest that it followed the changes of difference 
without oscillation, and could without difficulty be read at 5" intervals. The readings 
were : — 



At 3", at 8'', at 13", at 18", at 23'', at 28'', 
+9 —50 —130 —142 —149 —160. 

That is, at 3" after excitation the positivity of the external surface was a little more 
than 0*016, at 8" less, at 13" much less, and so on, so that the result in electromotive 
force might be expressed as follows: +0017 D., +0*011 D., +0003 D., +0-002 D., 
+0*001 D. Accordingly, in another leaf, after carefully compensating the existing 
difference and breaking the galvanometer circuit as before, we at once adjusted the 
compensator so that on closing there should be a negative difference of 0*01 D. 
We then excited, and 2" after closed the galvanometer circuit. Again the needle 
followed the slow electrical change, its positions at 5" intervals being as follows : 
^70, 0, —60, —120, —140, —150, —150, —160, &c. As the value of 0*01 D. with 
the preparation in circuit was 190 scale, the internal surface was still 30 scale (= about 
0*0015 D.) negative. Repeat mg the same experiment with an over compensation of 
0*015 D. the successive positions of the image were: +20, —40, —140, —200, —220, 
— 240, —250, —260, &c. So that the observation indicated, as before, that in this 
instance the negativity of the internal surface exceeded the compensation used. 

In a third leaf observed at the same time, the resistance being unusually low, it was 
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impossible to get the after effect on the screen, although the difference was not 
larger than in the other two. On interpolating as before a length of wire correspond- 
ing to 0'009 D., and closing the circuit 2'' after excitation, the successive readings at 
5" intervals were : +200, + off scale, +230, +60, —50, —130, —210, —260, —298, 
—320, —345, —350, —360, &c., the reading due to over compensation being —370 ; 
so that here, as in the other instances, the maximum difference was between 0*01 D. 
and 0'02 D. 

Influence of repeated excitations on the intensity and duration of the after effect-^ 
Whenever a fireshly prepared leaf is observed with the capillary electrometer during 
the course of a succession of excitations, it is found that in the first two or three the 
negative movement of the mercurial column is followed by a positive one which equals 
or may even exceed itself in extent. As the excitations are repeated, the positive 
phase becomes smaller and smaller, until after eight or ten, it may very readily escape 
observation. 

For the purpose of obtaining more exact information on this subject, the galvano- 
meter and rheotome were used; for it was obvious that if in a succession of experi- 
ments the electrical condition of the led off surfaces could be compared, during a 
period after excitation corresponding to the maximum of the after effect, that is, the 
period during which the internal surface of the leaf is most negative, the successive 
deflections recorded would give a good indication of any such diminution as the 
observations with the electrometer indicated. 

The period of closure chosen was between Z" and 4*5'' after excitation. The deflec- 
tions were, of course, all positive, but varied in extent from 175 to 21. In 21 succes- 
sive excitations the mean of the first seven deflections was 157, of the second seven, 
86, and of the third, 55*5. In this experiment the leaf was excited at intervals of not 
less than two minutes. If the excitations are repeated as often as every half minute 
it is found that the after effect completely disappears. This can be easily shown by 
the electrometer, but can be more exactly determined by the galvanometer. The 
best way to do this is, first to make with the galvanometer an observation of the kind 
described in the last paragraph (p. 30), then to subject the leaf to a succession of excita- 
tions at short intervals, and to follow these by a second galvanometer observation for 
comparison. The following results are obtained : — 

(1.) The fourth excitation of a leaf showed an after effect of which the course was 
as follows, as indicated by the negative deflections observed at 5" intervals: +300, 
+262, +155, +100, +74, +66, +59, &c. 

(2.) After ten effectual excitations at half minute intervals the after effect was: 
+ 160, +154, +70, +49, +40, +30, +12, &c. 

(3.) After ten more effectual excitations it was: +25, +5, 0, 0, &c. The leaf 
was then left to itself for 1 5 minutes and the after effect again observed. It was : 
+ 85, +130, +62, +52, +49, +40, +36, &c. ; and after ten minutes' further rest: 
+ 100, +200, +104, +70, +62, +52, +47, &c. 
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On repeating the excitations at half minute intervals, the after effect was again 
entirely abolished, reappearing again after a period of rest. It was ftirther found, in 
anotlier experiment, that if, after a succession of excitations at half minute intervals, 
a leaf was excited twice at longer ones, e.g., two minutes and a half, the after effect 
had, by the time the second was made, already reappeared, or if previously diminished 
had much increased. 

In Part III. it was shown that the influence of an excitation in increasing the pre- 
vious difference (that is, the positivity of the external surface) or in other words, in 
rendering the external surface permanently more positive than it was before excitation, 
depended on the interval of time which had elapsed since any previous excitation. 
In a leaf which has been repeatedly excited at frequent intervals, excitation leaves 
beliind no change in the electrical relation of the opposed surfaces, because there is no 
after effect. In other words, the persistent change of the potential, consequent on 
excitation, described in Part III., is a small remainder of the after effect, as it seldom 
amounts to more than 0*002 D, whereas the after effect itself often attains at its maxi- 
mum an electromotive force of 0*02 D. It may be roughly stated that the latter is apt 
to leave behind a remainder of something like one-tenth of its amount. All that can 
be insisted on us resulting from observation is, that the subsidence of the after effect 
is extremely slow and mcomplete, and that whenever it exists it leaves behind it 
a remainder— tlie excitatory increase of positivity of the external surface, already 
described. 

The excitatory process as observed when the leaf is led off by symmetrical (identical) 
surfaces of contact of opposite lobes. — The excitatory variation which is observed in a 
leaf led off symmetrically, that is, by corresponding surfaces on opposite lobes, is the 
combined result of equal and opposite electromotive changes which have their seat in 
the tissues between the contacts. Consequently, if in an unsevered leaf so led off we 
suppose an excitation to take place at the same moment from each electrode, no varia- 
tion would be observed, for the electrical changes due to the one excitation would 
exactly balance those due to the other. The appearance of a variation would indicate 
inequality of action between the two lobes. If the excitatory response of the right 
lobe wei'e either stronger than that of the left, or wei-e accomplished in a shorter time» 
the Viuiation would expi^ess the difference. In the former case the right would have 
the advantage throughout ; in the latter, the right would have the advantage at firsti 
ufter\\*aixis the left. 

The case in which two lobes are led off and excited simultaneously and symmetrically 
has not beian realised experimentally. The consideration of it, however, serves to 
facilitate the understanding of the case which actually presents itself in which the leaf 
is led off by symmetrically placed contacts on opposite sides, but excited on one side 
only. In this case experiment shows that there is always a galvanometric effect, but 
that the chan\otei' of the \-ariation observed differs in different leaves very considerably 
— 8S0 much so indeed that at tirst sight the difierences appear iiTeconcilable. Before 
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giving an axjcount of them it will be useful to consider what we should expect. This 
depends mainly on the question whether, in the transmission of the excitatory effect 
from the seat of excitation to the opposite lobe, time is lost or not. In the funda- 
mental experiment we have evidence that the excitatory effect travels. For when we 
excite the left lobe and the right responds, some time is without doubt occupied in 
transmission. If, as Professor Munk believes, the transmission is so extremely rapid 
that the excitatory change may be said to begin at the same moment at all parts, the 
case would resolve itself into the hypothetical one from which we started, viz. : that 
of excitation taking its rise at the same moment from both leading off contacts ; and 
this being so, any galvanometric effect observed must be due to one of the two causes 
referred to above, namely, either to unequal intensity or to unequal duration of the 
electrical response of the two sides of the leaf. If, in addition to these inequalities, 
we have to consider the influence of propagation {i.e., if the time lost in propagation 
is suflBciently considerable to tell), the interpretation of the galvanometric effect 
observed in an experiment in the form represented in fig. 13 becomes extremely 
complicated ; for the modifications severally due to loss of time and to difference of 
intensity would interfere with each other in a way very difficult to estimate. It will 
be shown in a subsequent section that the rate of propagation in the excitatory dis- 
turbance is great, as compared with the duration of the excitatory effect ; in other 
words, that its wave-length is considerable. This being so, the question whether or 
not the modification due to loss of time will show itself, will depend on the abruptness 
with which the disturbance commences, as will be seen from the following diagrams. 
If, for example, we suppose that the excitatory electromotive changes are so directed 
that the led off surface on either side becomes negative to the midrib, and that the 
rise of negativity on the right side is represented in two different leaves by the curve 
a, that of the left side by the curve 6, the galvanometric effect during the period repre- 
sented will be expressed in each figure by the shaded area, the depth of which is greater 
in the first case than in the second ; so that if (as is represented in fig. 12, C) it were 
further diminished by a greater abruptness in the rise of negativity on the left side, 
it might escape observation. And it is easy to see that if, in addition to beginning 
more abruptly the excitatory disturbance on the left side were more intense, the 
influence of the loss of time in propagation would lose itself entirely in that of 
hi equality. The two last suppositions (fig. 12, B and C) appear to afford the key to 
the understanding of what is actually observed when a leaf is led off by symmetrical 
points and excited near one of them. In this case there is always an excitatory effect, 
proving that the two lobes do not respond equally. Further, we have found that so 
far from its being true, as asserted by Professor Munk, that it makes no difference 
what spot is chosen as the seat of excitation, it never happens that variations of the 
same character are obtained when, in two successive experiments, or in two series of 
experiments, the right and left lobe are alternately excited. At first sight it seemed 
as if this difference were referable to propagation, but more careful consideration has 
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led to the conclusion that inequality of i-espouse has a much larger share in its pro- 
duction than loss of time. Ground for this conclusion is to be sought, as regards each 
particular case in which a symmetrically led off leaf acts unBymmetrically, Id the 
observation that each of its two lobes when se[)arately and successively tested shows 
the same inequality. Unfortunately, the nature of the case did not present itself in 
its true relations until too late to do this in a suiBcient number of cases, but I have 
abundant evidence that in general the electrical reactions of the two lobes of a leaf 
are unequal. 

Fig. 12. 






Diagram intended to illostrato the rulatiunit of the first phase of the ezcitatoiy variation when 
the leaf is led off bj sTmmetrical contactfl on the nnder snrface. 



In observations on symmetrically led off leaves the electrodes may be applied either 
to the internal or the external surface. 

Symmetrical contacts on the internal surface of the leaf between the ttoo marginal 
gensitive hairs. — In order to determine, if possible, the general character of the varia- 
tion ill this form of experiment, four observations were made in succession with the 
electrometer. The leaves used were led off by symmetrical contacts between maijjfinal 
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hail's of opposite lobes, and subjected, firat on one side and then on the other, in each 
experiment, to two series, each consisting of ten successive excitations. The table 
shows the results. The letter f or m indicates that, in the case to which it relates, 
the fixed or movable electrode was on the excited lobe. In all the experiments the 
excitation was effected by touching a sensitive hair with a camel-hair pencil. The 
hair touched is indicated. After each observation the difference was compensated. 
The mean differences are given in the last column. All of the leaves were tested 
by observing the excitatory effect in each lobe separately when led off as in the 
fimdamental experiment. 



No. of 
experiment. 


Which 

lobe 

excited. 


Which hair 
touched. 


Which 

electrode on 

excited 

lobe. 


Character of yariation. 


Difference. 


I. 

11. 

TTT. 

IV. 


R. 
L. 

L. 
R. 

R. 
L. 

L. 

R. 


Proximal . 
Ditto 

Proximal . 
Ditto . 

Proximal . 
Ditto 

Distal . . 

Ditto . . 


M. 
F. 

F. 
M. 

M. 
F. 

F. 

M. 


Monophasic, —39-1 

Diphasic, +11-7, -21-2 . . . 

Monophasic, +6*2 

Diphasic, —2, +25-4 .... 

Diphasic, —32, +188. . . . 
Monophasic, +22*2 

Diphasic, +3*4 pause . . . . 

+ 7'4 (from zero)* . . 

Diphasic, +9*8, -2-9 .... 


+ 0-011 D. 
+ 0-007 D. 

-0-01 D. 
-0-02 D. 

-0-007 D. 
-0-006 D. 

+ 023 D. 

+0023 D. 



In leaves I. and II. the difference between the two lobes was so great that the 
leaves could scarcely be considered normal In leaf III. the variation was normal on 
both sides, but the first phase was larger on the left than on the right (— 8*5, +4*3 
on the left, — 4*4, +78 on the right). In leaf IV. the first phase was nearly equal 
on both sides (— 30'0 on the left, — 31*6 on the right), and was followed in both cases 
by a normal after effect. But these facts afford no clue to the understanding of the 
results recorded in the table, excepting in so far as they show that in a weU-balanced 
leaf — i.e., one which responds to excitation with some degree of equality — whichever 
lobe was excited directly had the advantage over the other in the compound variation. 
That this was so was confirmed by the observation that in leaf IV. the negative phase 
of the variation, as observed with opposite contacts (the fundamental experiment), was 
much smaller (— 18*4 on the left, —26 '6 on the right) when the opposite lobe was 
excited than when a hair adjacent to the leading off electrode was touched. The only 
general conclusion that I venture to draw from the experiments is a negative one, 
namely, first, that the differences which are observed between the excitatory effects 
in the two cases are as little due to mere inequality of response in the two lobes as to 

* To be read thus : — In the first phase, the meniscus moved &om zero of the scale to —3-4, in the 
second, after a pause, from 3*4 to 7*4 in the same direction. 
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propagation ; for such inequality would not account for the effect produced by changing 
the seat of excitation. We must suppose that, independently of any difference in 
physiological activity which may exist between the lobes, the electrical disturbance is 
more intense in those parts of the leaf which are nearest to the seat of excitation than 
in those which are more distant from it. This being admitted, and account being 
taken of the complicated arrangement of the electromotive structures concerned, the 
incongruity of the results need no longer surprise us. 

Symmetrical contacts on the under surface, opposite the space between the sensitive 
hairs (fig. 13). — The same considerations apply to this case as to that in which the leaf 
is' led off from the upper surface ; but inasmuch as the under sur&ce presents no 
appreciable difference of structure, whereas in the upper we have to do with the 
sensitive hairs, the prospect of obtaining congruous results is not so hopeless. It will 
be sufficient to refer to one or two experiments made during the autumn of 1880, 
in which the galvanometer and rheotome were used for compai-ison of the excitatory 
effects. 

Fig. 13. 




Leaf led off by ajnimetrical coDtacis on auder BurEace of lobee. 

Tbe first leaf used for the purpose was one in which symmetrical results could 
hardly be expected. It was a large well-grown leaf which contained the reDoains of a 
digested fly ; Mid when, after having been excited an equal number of times on either 
side, it was allowed to close, tbe incurvature of the left lobe was much greater than 
that of the right. This leaf was excited electrically {the exciting contacts, x, being on 
the internal surface) and led off symmetrically, the electrodes touching tbe external 
surface exactly opposite the trigone on either side, the fixed electrode being on the 
right side. The rheotome gave the following result, the period of closure being 
0-2" :— 



At 0-4" 

At 0-6" 

At oe" 


z On left lobe, 


X Ob right lobe. 


H. 


F. 


-375 
- 90 
+33U 


+ 50 
*41 

+40 
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The numbers given are the means of two accordant observations at each period, before 
each of which the difference was compensated. 

In a second leaf, led off in precisely the same way, the general character of the 
excitatory effect was observed with the electrometer. The fixed electrode was on the 
left lobe. When that lobe was excited electrically (as in the last experiment) the 
variation was diphasic, the first phase being positive. When the right lobe was 
excited {x on right lobe), the variation was also diphasic, with opposite signs. The 
rheotome gave the following, the closing time being 0*075": — 



X On left lobe. 



At 0-10" 
At 0-20" 
At 0-30" 
At 0-40" 
At 0-50" 




The numbers express in each instance the means of two observations, before each 
of which, as usual, the difference was compensated. The resistance exceeded 
160,000 ohms, notwithstanding that the utmost pains were taken in making the 
leading ofiF contacts. 

In a third experiment we had at our disposal a large vigorous leaf. The fixed 
contact was on the right lobe. The leaf was subjected to 48 excitations during a period 
of 70 seconds, to all of which it responded. Its resistance was such that 100 scale 
of the galvanometer corresponded to 0*45 D. The excitations gave with the rheotome 
(the duration of closure of the galvanometric circuit being one-fifth of a second) the 
following results : — 



At 0-20" 

At 0-4" 

At 0-6" 

At 1-0" 


X On right lobe. 


X On left lobe. 


P. 


M. 


+ 28 

+ 44 

+ 50 




-33-5 
-24-3 
- 3U 




These observations show, even more strikingly than the previous ones, how com- 
pletely Professor Munk is mistaken in his statement that, provided the leading off 
is the same, the seat of excitation is a matter of indifference. They also serve to 
strengthen the conclusion that the intensity of the electrical disturbance is greater in 
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the neighbourhood of the seat of excitation than at a distauce from it. No other 
explanatioD would account for the results. 

Rate of pwpagation of the excitatory disturbance. — The only certain method of 
determining the rate of transmission of the excitatory change in Dioneea consists in 
measuring the inter\-al of time after excitation at which the electrical effect fii-st 
becomes appreciable, by a series of observations in which a leaf, led off as in the funda- 
mental experiment, is excited alternately in the neighbourhood of the leading off 
electrodes, and at a corresponding part of the opposite lobe. In such an experiment 
the interval of time between excitation and effect in the one case will be greater than 
in the other by a fraction of a second. That fraction, multiplied by the distance 
in millims , will give the rate per second in millims. 

In our former paper we attempted to arrive at a conclusion on the subject by a 
method which we now know to be inapplicable. I will first refer to certain experi- 
ments which were made on this principle in the Kew Laboratory in 1878, for the 
purpose of confirming the statements contained in our former paper (1876). A 
plant was placed in the chamber at 30° C, and led off as above stated. The 
exdtatory variation on the electrometer scale was — 12 followed by -f 10. The leaf 
was excited by touching the sensitive hairs, alternately on opposite sides, the time of 
excitation and that of response being determined by the method referred to in Part II. 
During the period of observation the temperature rose to 37" C. The observations 
were made in four series, in which the means of the time-intei-vals between excitation 
and response were as follows : — 

1. Excitation of the hairs of the same side 0"08" 

2. ,. ., „ „ opposite side .... 0"28" 

3. „ ,. „ „ same side 0'116" 

4. ,, „ „ opposite side .... 0'243" 

In another leaf the experiment was made first at the temperature of the room, 
afterwards at that of the chamber 32* C. Six observations gave ; — 



1. Excitation of the hairs of the 


same side 


temp 


18° 


. 0-10" 


2. 


opposite side 


„ 


18° 


. 0-27" 


3. ,. „ ' „ 


same side 


„ 


32° 


. 0-05" 


4. 


opposite side 


„ 


32° 


. 0-12" 


5. „ , 


same side 


„ 


18° 


. 0-43" 


6. „ ,. ,■ 


opposite side 




18° 


. 078" 



Here the excitation was by induction sliocks, the external sur&ce being pimctured 
by fine electrodes for the piu"pose. This observation shows the combined effect of 
temperature and local diminution of excitability. The influence of the latter is still 
more strikingly shown in the following series, the temperature throughout being 
18" C. 
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Leaf fresh : — 

1. Excitation of the same side 0*15'' 

2. „ „ opposite side 0*26'' 

After repeated excitation : — 

3. Excitation of the same side 0*50' 

4. „ „ opposite side 0*84" 

Later : — 

5. Excitation of the same side 0*53" 

6. „ ,, opposite side 078" 

Still later :— 

7. Excitation of the same side 1*54" 

8. „ „ opposite side 3*50'' 

These Kew experiments showed that at the ordinary temperature of summer the 
interval of time between excitation and response is considerable, and that its length 
depends on the distance of the seat of excitation from the led off surfaces, and is much 
longer in injured leaves than in fresh ones. But for reasons which I have already 
stated in discussing the fundamental experiment, it is certain that time measurements 
made by the method of signalling are incapable of giving an answer to the question 
of the rate at which the excitatory effect is propagated. During the hot weather of 
last summer (July, 1881) we had the opportunity of making experiments with the 
pendulum rheotome which proved in the clearest way that, under favourable con- 
ditions, the rate of propagation in the leaf of Dionsea is extremely rapid. 

From the extreme difficulty which was met with last summer in obtaining plants in 
vigorous condition, I was prevented from making as many observations as I deemed 
desirable. Of those which were made I think it best to submit the results of one only, 
which was perfectly satisfactory : — 

Tj • J r i^«« Same lobe Opposite lobe 

Period of closure. ^^^j^^ J^^^j^ 

0-02" to 0-04"* 

0-02" „ 0-06" -11 

0-02" „ 0-08" —22 

0-02" „ 0-10" —31 

0-02" „ 0-125" . . 9 

002" „ 0-15" .. 26 

0-10" „ 0-20" . . 50 



In this experiment the plant was placed in the chamber at 38° C. and remained at 
that temperature throughout. The leaf was led off as in the fundamental experiment. 
The excitation was by induction shocks. The exciting electrodes were applied on the 



♦ Trace at 005, 
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fef jff k»be close to the distal and proximal hairs respectively, so that a straight line 
Tiy^z^ecrsns the contacts would pass through both of them. On the opposite lobe they 
••Trre £pp!i€<l opposite to each other in the space between the hairs. The observations 
Trhi excitation on the opposite side were made first, so that the effect of " exhaustion,'' 
r iziy. in increasing the delay, would tell against the result. Two observations were 
taker: at each period, which coincided in most cases exactly. The weather was 
eirreEsely warm and sunny. In other leaves the time interval between the two sets of 
Tr^s-zhs never exceeded that observed in the one recorded, so that I think T am justified 
IT, s&T^e tLat the rate of transmission is at least 200 millims. per second. But it must 
te carefully borne in mind that this only applies to plants at hot-house temperature, 
s$ «-»« rmtingly shown in all of the experiments. A leaf, which in the chamber at 
Z2' C r*^^Aided to an excitation of the opposite lobe when the galvanic circuit was 
ripened at O'Os" after excitation, gave no trace of a variation with a closing time which 
lasted to 0*20'', when the experiment was repeated as soon as possible afterwards in the 
frK)m at 21'. On shifting K 2 to 0*20", so that the galvanometer circuit remained 
closed from one-fifth of a second after excitation onwards, the image shot off the 



PART V. 



Excitability. 



The investigation of excitability in Dioneea is a matter of great difficulty, partly on 
account of the rapid changes which it undergoes, partly on account of the difficulty of 
so applying any excitant that its exciting action can be assumed to be constant. The 
results of our observations as to the behaviour of the leaf when excited will be best 
stated in relation to the different methods of excitation. 

1. Mechanical excitation. — It was observed by Mr. Darwin ('Insectivorous Plants,' 
p. 289) that when a single human hair was fixed in a handle, and cut off so that one 
inch projected, and " the extremity of the hair was then brought by a slow movement 
laterally into contact with the tips of a filament, the leaf " excited " instantly closed," 
or, " after two or more touches of the same kind ; " whence he concluded that they 
were extremely " sensitive to a momentary touch " which was best adapted to enable 
the trap to close on an insect. To this I have to add another observation, which is at 
first sight so improbable that I have become convinced of its truth with great reluc- 
tance, viz. : that the touch is much more efficacious when it is a living touch, that is, 
when communicated by an instrument (particularly a hair or a camel-hair pencil) held 
in the hand, of which the motion is muscular, than by any mechanical arrangement 
which I have been able to contrive. The two forms of mechanical excitation which 
have been used are (l) a lever, of which the axis works in a firm support of which the 
height can be varied at will, at the end of which a camel-hair pencil is fixed of which 
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the point is downwards, and so constructed that when it is depressed by the finger 
the signalling circuit is closed^ and 'the tip of the*] camel-hair pencil brought into 
contact at the same moment ; and (2) a similar lever of which the motion is due to 
the action of an electro-magnet included in the signalling circuit. Whichever of these 
forma was employed, and whatever care was taken in setting the pencil so as to ensure 
its hitting the hair to be excited without fail, it was invariably found that after a few 
excitations no further response was obtained ; whereas it is always easy to repeat an 
experiment which I made with Dr. Francis Darwin in 1873, in which we succeeded 
in exciting a leaf during an hour at two minutes' intervals, without a single failure of 
the electrical response. This may, I think, be due to the relative ruden^s (if such a 
word may be applied) of the mechanical motion as compared with the other. I 
thought at first that it might be attributed to the sameness of the motion — i.e., to the 
circumstance that when the blows are inflicted mechanically, however gently, they are 
all in the same direction and each acts on a part which has been acted on before. As, 
however, I have not found that altering the direction of the motion makes any per- 
ceptible difference in the result, this explanation fails. What is to be learned from 
the observation is this : the very slightest touch is an " adequate " stimulus ; any 
beyond this is more than sufficient and injurious. Its exhausting influence is, however, 
evidently perfectly local ; for the loss of sensibility of one hair fails to determine any 
similar loss in others which have not been excited. If in any leaf a single hair, 
excited repeatedly by mechanical means, has ceased to respond, you can at once repro- 
duce the result by acting on another hair, which will respond just as readily as if the 
leaf were intact. 

Electrical eoccitation. 

1. Single induction shocks. — If dry metallic electrodes are applied to the internal 
surface of the leaf, induction shocks conducted through them are without efiect, how- 
ever near the electrodes may be— the reason being, no doubt, that the surface is so 
perfectly dry that but little current passes between the platinum points. This diffi- 
culty may be overcome, either by using the pointed wires so that by piercing they can 
be brought into contact with the cells beneath, or by covering the surface with a layer 
of conducting material such as kaolin, made into paste with half per cent, solution of 
cormnon salt. I used the former of these methods in my first experiments in 1873, as 
well as in those of which the results were published in 1876. For obvious reasons 
it is preferable to use non-polarizable electrodes, to which the form described in 
Part II. is the best that can be given. I have always used the small induction 
apparatus of DU Bois-Reymond without removing the core, and one Daniell cell in 
the primary circuit. In all experiments opening induction shocks have been exclusively 
used. As a rule, the electrodes are applied to opposite points of the upper and under 
surface of one lobe. With reference to the action of such currents, so applied, it has 
been ascertained : (l) That when in a succession of excitations the secondary coil is 

>q>cccLxxxn, g 
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^radiiilly brcugtit nearer to the primary, it is observed that no eflTect whatever follows 
lie r4ih2sage of the induction current until the secondary coil is approximated to a 
rfciiti-rely short distance, usually about 10 centims. from the primary. (2) That the 
eiiiA-cry effect produced at this distance is unmodified by further . approximation. 
3 \ TLit the distance of the secondary coil at which the first response takes place, 
wLea in a succession of excitations it is gradually approximated, is much greater 
wiier. the induction current is directed from the upper to the under surface than in 
iLe o:»i;trary case ; in other words, that the leaf responds to a weaker current when 
h is directed downwards than when it is directed upwards; and, finally (4) That if 
Ode corrent of an intensity a little less than sufficient to evoke a response be followed 
4.T a short interval of time by a second current of similar intensity, the latter may 
4fe •eotectuaL This last fact will be reverted to further on, under the head of 
*- S^aaciOiaiion.'' 

Excitatory influence of the voltaic current. 

For the pui-pose of studying the influence of a weak voltaic current, a rheochord of 
pkainum wire was used, of which the length was 14 feet and the resistance 20 ohms ; 
this was interpolated in the circuit of a Daniell cell. Currents could be derived 
from it and conducted through the leaf by connecting one electrode with the end of 
the rtieochord, the other with any point of its length by a slider. In this case the 
derived current might, in consequence of the relatively high resistance of the plant, be 
regarded as proportional to the length of wire between the end block and the slider. 
By comparing this rheochord with the compensator it was found that each foot of wu'e 
eorre:jponded to a tension difference of about 0'06 D. and hence the whole wire to about 
0'84 D. With this contrivance the following observations were made. In the first 
series the leaf was led off to the galvanometer as in the fundamental experiment, but 
a switch (a Poht/s Wippe, without cross wires) was introduced into the circuit, of such 
construction that for one or more seconds a derived current from the rheochord could 
be sent through the electrodes, the galvanometer circuit being for the same period 
broken* As care was taken to compensate immediately before the switch was thrown 
over, this produced no movement of the needle, but served to show in what way 
the passage of the current modified the electromotive properties of the leaf The 
effects observed were as follows: — (l) When a very weak current was used (1 foot of 
wire, corresponding to a difference of potential of 0*06 D.) a slight effect, resembling 
polarization, was observed — i.e., a transitory deflection indicating the existence in the 
leaf of a current opposed to the current which had been led through it, its direction 
being upwards when the anode was on the upper surface, and vice vei^sd. It was 
ascertained that this was not due to polarization of the surfaces of contact of zinc 
with zinc sulphate solution, for when the experiment was repeated with the clay 
points in contact with each other, i.e., without the interposition of the lea^ no 
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deflection was observed. (2) When the derived current was doubled (2 feet of wire) 
the after effect was always positive, whatever was the direction of the current. Tn 
other words, the effect showed itself in either case as an augmentation of the previous 
differenca Consequently the downwards current left behind it as its after effect, a 
current in the same direction as itself By increasing the cun-ent, this effect, whether 
its direction is upwards or downwards, could be increased in about the same proportion. 
When the experiment was made in a leaf of which the opposite lobe was led off to 
the electrometer, no effect was observed during or after the passage of the current, 
showing that the effect was not propagated, that is, was not an excitatory effect and 
did not cause one. When similar currents were led in a similar way through the leaf 
stalk by electrodes on opposite surfaces, a polarization took place, but no effect re- 
sembling the one described was observable. (3) When (1) and (2) were alternated, 
that is when the current was passed through the leaf a number of times in successiou 
in the same direction, but alternately with different strengths of current (1 foot and 
2 feet of wire), the effect was, of course, alternately positive (with the stronger 
current) and negative (with the weaker). In both cases the effect was evanescent, 
and the previous difference was unaffected. (4) When the length of wire was in- 
creased to about 5 feet (a current five times as great as in (1)), different lengths, 
however, being required in different leaves, the effect was that of an excitation, that 
is, there was a negative deflection which was cut short by a larger one in the 
opposite direction. When this was compared with that of a mechanical excitation 
of one of the hairs of the opposite lobe the two variations, although resembling each 
other, were not identical For if in a succession of observations a momentary (tenth 
of a second) closure of a downward current of suflScient strength to excite the leaf 
was alternated with mechanical excitation of a hair of the opposite lobe so as to 
compare the effects, it was found that in the variation which followed the electrical 
excitation, the first phase was smaller, the second phase larger than in those produced 
mechanically. 



let series 
2nd series 
3rd series 



Mechanical. 



Electrical. 



Previous difference. 



Variation. 



Variation. 



+ 0-0003 
+ 0-0028 
+ 0-0035 



36 +192 

07 +132 

102 +110 



— 3 + off scale (t.e., over 600) 
-10 + ditto 
-11 +500 



Each series consisted of six mechanical and as many electrical excitations. The 
mean results of each series are given in the columns headed " Variation." 

(5) The excitatory eflfect produced in (4) was followed by an " after effect " which 
subsided very gradually in the ordinary way, leaving behind it a lasting increase of the 
previous cross difference, and when a leaf was subjected to successive excitations, the 
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variation gradually changed its character just as it does when mechanical excitations 
follow each other at short intervals. In a leaf of which the cross difference was, at 
the beginning of the experiment, abnormal, and which was excited 58 times in succes- 
sion in half an hour, the variation being observed alternately with the electrometer and 
galvanometer, the cross difference changed sign from —0*009 D. to +0*005 D. The 
mean difference and variation were in three successive periods as follows : — 



1 



I. 



Crow difference. 



Galnuiometcr. 



Electrometer. 



1st period . 
2nd period 
3rd period . 



• • 



-"0-0023 D. 


+ 00036 D, 



-40-8 +137 
-510 
-61-4 



-29-8 +1-8 
-23-2 

-21-0 



In another similar experiment the cross difference changed, in a series of 32 exci- 
tations, from -^O'Ol 1 D. to +0*01 D., the second phase (positive deflection) diminished 
from +210 scale to +90 scale, while the first phase ^negative) increased from —15 to 
—220. (6) When (3) was repeated with the difference that the lengths of wire were 
respectively 3 feet and 5 feet, instead of 1 foot and 2 feet in two series a and 6, so that 
the currents conducted through the leaf were, in series a, only sufficiently strong to 
produce the effect (2), viz. : a single positive deflection, whereas in series 6 they were 
sufficient to give rise to an excitation, it was observed that in series a the electrical 
relation between the upper and under surface remained unaltered, but that in series 6 
the diphasic variation was followed by an after effect which subsided with the usual 
increase of the cross difference already described and exemplified. 

The preceding facts may be summed up as follows : — The closing of a voltaic curi'ent 
directed from the upper to the under surface of the leaf of Dionsea produces different 
effects according to its strength. Very weak currents give rise to feeble polarization. 
Currents of moderate strength produce a transitory increase of the cross difference, 
that is, make the under surface more positive to the upper surface than it was before. 
Strong currents produce this transitory increase of the cross difference, but, in 
addition, produce an excitation which is followed by a lasting increase of the cross 
difference. In the successive deflections observed, these two effects are summed ; so 
that the negative phase is diminished and the positive phase increased. 

The explanation of these phenomena depends on the meaning to be assigned to the 
remarkable modification of the electrical state of the leaf produced by moderate currents. 
On this point we can only express ourselves negatively. It is not analogous to an exci- 
tatory effect, for it is not capable of propagation : it is not identical with the after effect 
for it is ti'ansitory : it is not a polarization effect, for its direction is always the same as 
that of the cross difference whatever the direxjtion of the current which produces it. 
This fact also makes it impossible to identify it with Kunkel's currents. The 
utmost that can be stated with reference to it is, that it indicates the occurrenoe of a 
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local change in the path of the current, which is probably of the same nature as that 
which, when stronger currents are used, excites a propagable explosion. 

By the experiments already related it has been shown that when a leaf is traversed 
by a voltaic current in a direction vertical to its surface for a short period (one-tenth 
of a second to a second) from the upper to the under surface, excitation follows as 
soon as the difference between the two electrodes applied to the two surfaces of a leaf 
at opposite points, amounts to something like half the electromotive force of a DanieLl 
cell But they afford no information either as to the time or place at which the 
excitation occurs. It remains to be determined whether it occurs at the closure or 
opening of the circuit, and whether at the anode or cathoda The first of these 
questions was easily decided in experiments in which the leaf was led off as in the 
fundamental experiment and excited by currents for periods of sufficient length to 
render it possible to distinguish easily between the effects of opening and closing. 
The method consisted in making a series of observations in which the current was alter- 
nately directed upwards and downwards, and lasted from five to seven seconds, the 
opposite lobe being led off to the electrometer. A succession of experiments were made 
on different leaves in which various strengths were used, from one Daniell, without 
rheochord, to two Groves, always with the same result, namely, that the leaf responded 
at make, and at make only, whatever was the strength of the current or its direction. 
When strong currents were used, as will be noticed further on, the excitation at the 
closure of the circuit was succeeded by another from three to six seconds later, and 
might be easily mistaken for a break effect, if the moment at which it occurred 
happened to follow that at which the current was opened. 

To the question whether excitation proceeds from the anode or cathode, we have 
failed entirely in our efforts to obtain an answer. The modes of experiment used were 
as follows : — The leaf having been led off to the electrometer as in the fundamental 
experiment, non-polarizable electrodes for excitation were applied on the surface of 
the opposite lobe and on the petiole. In some cases the lobe electrode was on the 
under surface, in others on the upper. A reverser was introduced into the exciting 
circuit, so that the current of two Groves could be directed either towards the leaf 
or towards the leaf stalk. In either case the excitatory effect showed itself at make, 
and make only. But when the electrode was on the upper surface it was anodic, and 
when it was on the lower surface, cathodic. At first sight it seemed as if this 
indicated a difference of action between the poles, but on consideration it appeared 
to be another form of the result already recorded, viz. : that in the lamina the down* 
wards current is more effectual than the upwards. A current from the leaf stalk 
which passes out at the under surface acts in the same way as a current to the leaf 
stalk which enters at the upper surface, because in the excitable part the direction of 
both is descending. The next attempt to settle the question was by a rheochord 
experiment, in which the leaf was excited by electrodes applied symmetrically to corre- 
sponding surfaces on the right and left lobes respectively, the one lobe (right or left as 
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the case might be) being led off to the gidvaDometer as in the fundamental experiment 
The time of closure of the exciting circuit (two Lbclanch^'s) was one-twentieth of 
a second. The galvanometer cu'cuit was also closed for the^ same period, an interval 
of 0*03" intervening between the opening of the one circuit and the closure of the other. 
In the first leaf experimented on, the results were remarkable. In a series of twelve 
observations in which the current was directed across the le^, alternately Scorn and to 
the led off lobe, the needle remained motionless when, as in the first case, the anode 
was next the leading off surface, but swung to the negative side from 12 to 14 scale 
when the cathode was in the same position. As repetition confirmed the result it was 
clear that, as regards the particular leaf under observation, the proximity of the cathode 
was favourable to the early occurrence of the excitatory effect. Doubt was, however, 
suggested by the consideration that here, when the cathode was on the left lobe, the 
direction of the current near the leading off electrodes was downwards, that is, 
favourable to the excitatory effect, whereas in the opposite lobe it was unfavourable, 
and this surmise we confirmed by the observation that in another leaf, in which an 
exactly similar experiment was made, with the exciting electrodes applied to tlie 
internal sur&ce, the response was strongest when the anode was on the led off lobe. 
All that was learned from these attempts was, that by the method employed, which 
seemed to be the only one likely to yield an answer to the question, no answer could 
be obtained. The want of material made it impossible to proceed further, but even 
had it been forthcoming I should have been at a loss how to use it. 



Influence of the Duration of the Current on the Effezt. 

1. ^wrt periods. — In order to determine the shortest period of closure of a voltaic 
current directed transversely fi-om the upper to the under surface of a leaf, experiments 
were made in which the time of closure was gradually shortened by means of the 
pendulum rheotome. It was found that there was no diminution of effect until the 
duration of the closore was less than one-hundredth of a second. Beyond this, the 
response became uncertain when two Daniell's with a rheochord of 20 ohms were 
used, and disappeared when the closing time was reduced to 0'007. Want of material 
made it impossible to investigate the important question of the influence of strength 
of current on the minimum. It was, however, ascertained that it was necessary to 
lengthen it when weaker currents were used. 

2. Currents of long duration. — When a voltaic current of five seconds' duration and of 
moderate strength is led through the leaf from the upper surface between the sensitive 
hairs to the under surface, there is a response at make, and no other. When stronger 
currents are used (from one Daniell to two Groves) the first variation is followed by 
a second. If the current is continued for a long period (30 seconds) a succession of 
excitatory variations takes place at irregular intervals, as shown in the following 



PROPERTIES OP THE LEAF OP DION^A. 47 

examples. If the leaf is expanded and not restrained, it may close at the first exci- 
tatory variation, i.e., one to one-and-a-half second after the closure of the current. 
But if the experiment is made at a low temperature (18° to 20® C.) this event does 
not happen until after the third, fourth, or fifth variatioa To observe these facts 
the current of a Grove cell is led through one lobe, while the other is led off (in 
the usual way, to the electrometer, and the time after closure of the circuit noted by 
the watch, as in the following experiments : — 

I. Current of one Grove from above downwards for half a minute ; excitatory 
variation at 3", 9", 13'', 19", 23", 30". 

Same current directed upwards — variation at closure only. 

II. Current of one Grove firom above downwards for one minute ; variation at 
l'\ 15'', 25", 3r, 38", 45". 

Same current directed upwards — variation at closure only. 

III. Same leaf. Current directed through contacts previously used for leading off; 
leaf led off by lobe previously excited. Variation at 2'\ 8'\ 22", 32". 

Same current in opposite direction — variation at closure only. 

Summatian of stimuli. — To prove summation it must be shown that two equal 
excitations, each of which alone is inadequate to evoke a response, do so by summation, 
that is, when they follow each other at a short interval. If this is so, there is evidence 
that the first, although it is apparently without effect, yet produces a change in the 
excitable structure which renders it more excitable than it was before. The best 
method consists in making two alternating series of excitations, in one of which single 
opening induction shocks, just inadequate to produce excitatory effect, are used, while 
in the other, two induction currents of equal strength follow each other at a variable 
interval. 

Ist Series. Distance of coil 7*6 centims. Temperature of chamber 32° C. 

Interval 0*02." Ten excitations, of which Nos. 2, 4, 6, 8 were single, 1, 3, 5, 

7, 9 were repeated. All of the latter were effectual ; all of the former ineffectual 
2nd Series. Distance of coil 7*4 centims. Temperature 32° C. Interval 0*1." 

Ten excitations ; six single, five repeated (iVO* -All of the latter were effectual ; 

all but one of the former ineffectual. 
3rd Series. Distance of coil 7*3 centims. Temperature 32° C. Interval 0*2." 

Sixteen excitations, of which half single, the rest repeated {Y'). All of the 

latter were effectual ; all except two of the former ineffectual. 
4th Series. Another leaf Distance of coil 8 centims. Temperature 32° C. 

Four excitations ; two single, two repeated at intervals of ^". Both of the 

latter effectual ; the other ineffectual. 

Four excitations ; two single, two repeated at intervals of f ". The latter 

effectual ; the former ineffectual. In this series it could easily be seen that 

the excitatory effect followed the second excitation. 
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5th Series. Eighteen double excitations at intervals of half a second ; of these eight 
were fruitless. Of the ten responses, half occurred at the first excitation, the 
remainder at the second. 

These experiments show that at all intervals between 0*02" and 0*4" summation 
occurs, and that at 0*5'' the result becomes uncertain. 

Another method may be used which consists in subjecting a leaf to repeated excita- 
tions by successive series of inadequate induction shocks at a fixed interval — e./jf., at a 
twentieth of a second, gradually increasing the number in each series until a response 
is obtained. In an experiment of this kind a leaf responded in a room at 20° C. when 
the number of opening shocks amounted to 23. In the chamber at 32® C. it responded 
after 7. It is to be noted that, in an experiment of this kind, the distance of the 
secondary coil from the primary must very slightly exceed that at which single shocks 
are responded to without fail. This method is useful as a means of testing excitability 
under different conditions. 

PART VI. 

Relation between the Excitatory Process and the Mechanical Effect. 

The moment at which the mechanical effect begins can be easily measured graphically 
by the following method. A cork is prepared, with a hole across its axis for the 
reception of the round horizontal arm of a support resembling that shown in fig. 4 
(electrodes). On this the cork can be rotated. The cork is cut so as to present 
a surface somewhat smaller than that of a lobe of the leaf To this a leaf is cemented 
with plaster of Paris by the external surface of one lobe, leaving the midrib free. To 
the border of the opposite l6be a very light straw lever is fixed by the same means, in 
the position it would assiune if it were a prolongation of the middle marginal hair. 
This having been done, the lever is made horizontal by rotating the cork which, 
with the leaf, is brought into such a position that its motions are inscribed on a 
blackened cylinder, of which the horizontal movement should be 1 centim. per second. 
The leaf is excited mechanically by a camel-hair pencil of which the motion breaks 
a circuit. The moment at which this happens is recorded on the same cylinder by 
a Deprez' time marker. It is thus learnt that the mechanical response, at tem- 
peratures from 15® to 20° C, begins at an interval of from a minute-and-a-half to two 
minutes after excitation, so that in the fundamental experiment it coincides with 
the close of the first phase of the variation. If this observation is made at a low 
temperature, as e.g., 15® C, and the hairs are touched with great care, the first excita- 
tion produces no perceptible motion. At the fifth or sixth the lever slowly rises and 
continues to do so for several seconds (see Proceedings 1876, p. 415). To record this 
effect, the best plan is to leave the lever free and record its position at the end of 
every half second on a smoked glass plate. The result is sho\\Ti in the figure. It La 
seen that in each case the rate of ascent of the lever is greatest during the first half 
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second, after which it gradually declines, and that the total effect consequent on each 
excitation is very variable, being dependent on accidental differences in the way in 
which the sensitive hair is touched. 

27ie mirror experiment — The effect of series of frequently repeated mechanical 
excitations on leaves at relatively low temperatures may be observed with greater 
accuracy by another method. The leaf is attached to the rotating cork in exactly the 
same way as in the experiment last described, but instead of a lever a very light glass 
mirror, such as is used for reflecting galvanometers, is cemented to the external surface 
of the free lobe, near the margin. By means of this mirror the image of a horizontal 
slit is thrown on a vertical scale which is so graduated that the angular movement of the 
lobe can be measured with great delicacy. An experiment of this kind gives the 
following results. The leaf having been led off to the electrometer by electrodes 
applied to the upper surface of the attached lobe and to the midrib, was subjected to 
22 excitations, each of which consisted in touching very gently one of the hairs of the 
attached lobe. The total angular movement (rotation) of the mirror was 167^ 
This was accomplished in 20 excitations, all of which were effectual in the sense that 
each produced a normal variation. 
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The fact that in this and in other similar experiments it is possible to excite the 
leaf once, twice, or a greater number of times without any appreciable movement of 
the image, at first sight seems to indicate that the electrical effect is independent of 
the mechanical. But before accepting such an inference it must be remembered that 
we cannot be at all sure that the interstitial movement of liquid, which in the leaf as in 
all the moving organs of plants is the efiicient cause of change of form, may not 
begin without making itself visible by any change in the curvature of the lobe, how- 
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ever delicate our means of observation may be. It appears to me probable that every 
effectual excitation — every excitation which is marked by electrical disturbance — ^is also 
followed by diminution of the water-charge of the excited protoplasm. At first, this 
may either expend itself entirely or produce only such small eflFects as, in the experi- 
ment last related, presented themselves in excitations 3 to 7. 

In our previous paper the phenomena described above were referred to as evidences 
of summation. It will be better in future to limit the application of this word to the 
still more remarkable phenomenon which has been described under the heading 
"Summation" in Part V., p. 47 ; for those phenomena are strictly analogous to the 
effects to which the term "Summation of stimuli" has been applied by Stirling.* 
The term "Summation" is in itself as applicable to the process now under considem- 
tion as to the other, but it differs from it in this respect — that it is rather a summation 
of effects than a summation of excitations. The process with which it is most com- 
parable in the physiology of animal excitable tissues is that which La known as the 
Treppe or staircase.! By this term is designated the fact that when the ventricle of 
the heart of the frog is subjected, after a period of rest, to a series of effectual 
excitations, the contractions become stronger and stronger, although the excitations 
are all of equal intensity. In both processes the mechanical effect of the first excita- 
tion is much smaller than that of the second, the second smaller than that of the 
third, and so on, but in the Treppe the difference which is large at first rapidly 
diminishes, whereas in the leaf it as rapidly increases. Further, the total mechanical 
effect of the first excitation is so small as to be barely perceptible, whereas in the heart 
the first contraction (i.e., the weakest) is at least half as vigorous as the strongest. 
But in proceeding with our comparison we find that in both, the change of form is 
opposed by a resistance which has its seat in the structure of the organ, and is removed 
step by step when it is subjected to repeated excitations. In the heart this resistance 
diminishes rapidly at first, more slowly afterwards : in the lamina of the leaf it does 
not begin to yield until after several excitations, provided that they are only just 
strong enough to provoke an electrical response. This difference is unimportant, and 
becomes almost imperceptible if somewhat stronger excitations are substituted for the 
minimal ones. In this case the effect of the very first excitation may be large, that 
of the second larger, the third still larger, and so on, but with decreasing, not increas- 
ing increments, j ust as in the Treppe. The most fundamental difference is that which 
concerns the relation between the resistance and the mechanism of contraction in the 
two cases. In the ventricle only a fraction of the mechanical effect, even of the first 
contraction, is due to abolition of resistance. At each repetition of the excitation this 
fraction diminishes, until after a dozen or so of excitations the successive mechanical 
effects become sensibly equal. From the first, therefore, the change of form is due 

• Stielino, " Ueber die Summation electrischer Hautreize.*' Ludwig's Arbeiten, 1874, p. 223. 
t See BowDiTCH, *' Ueber die Keicbarkeit der Muskelfaaorn des Herzens.*' Ludwiq's Arbeiten, 1871| 
p. 156, 
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to something more than mere diminution of resistance. In the leaf the removal of 
resistance is everything. Consequently, so soon as a sufficient number of excitations 
have occurred to accomplish this, it is not only incapable of resuming its original form, 
but of any further response to excitation until, after many hours, the resistance is 
restored. 

If we go a step further and enquire what this resistance consists of, we are led, 
in accordance with the conclusion that has been arrived at by every physiologist who 
has investigated the mechanism of the changes of form of the excitable organs of 
plants, to identify it with turgescence. By turgescence we understand the power 
which living protoplasm possesses of retaining water. In the case of cells which are 
excitable, the immediate eflTect of excitation is suddenly to diminish this power, and 
thereby to produce a diminution of volume of the cells which is equal to that of the 
water (probably holding difiusible bodies in solution) which is discharged into the 
intercellular spaces. 

Addendum. 

Received November 3, 1881. 

[Thefollomng is a Summary of the most important Experimental Results embodied 

in Parts II Ly /F., and F.] 

1. When difierent parts of the surface of the uninjured and unexcited leaf of Dionsea 
are compared by the method of compensation described in Part II., electrical differences 
present themselves even when the points selected are symmetrical. In this case the 
differences observed are accidental. They are due either to surface conditions which 
disappear when the leaf, with its leading off electrodes in position, is allowed to remain 
in saturated air (differences of turgidity of the surface layers of cells) or to accidental 
physiological differences between the two lobes, which do not disappear. 

2. Similarly, when unsymmetrical points of either surface of the leaf are led off, the 
differences observed are for the most part accidental. In one case, however — that of 
the comparison of the middle of the under surface of either lobe with the under surface 
of the petiole — the negativity of the former to the latter is a result which occurs so 
constantly that it must be assumed to have a physiological meaning. 

3. If any two points opposite to each other on the upper and under surface of either 
lobe are compared, it is usually found that the upper surface is negative to the lower. 
Whether this is so or not in the unexcited leaf, it becomes so after one or more excita- 
tions ; in other words, the effect of mechanical or electrical excitation, whether applied 
in the neighbourhood of the surfaces compared or at a distance from them, is to pro- 
duce a lasting change in their electrical relation of such a nature that on repeating the 
comparison of the two surfaces the under surface is always found to have become more 
positive {less negative) than it was before excitation. 

H 2 
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4. If the same observation is made while the leaf is subjected to mechanical or 
electrical excitation, it is seen that at the moment that excitation takes place the 
under surface becomes suddenly negative to the upper. By the rheotome we learn 
that the change last mentioned does not begin until ^^th of a second after its cause, 
that it culminates about the middle of the first second, the maximum diflference 
amounting to as much as 0*08 Daniell, and then gradually subsides. 

5. It is further learnt by the same mode of observation that in the course of the 
second second or towards its close, the electrical relation of the surfaces to each other 
is reversed, the under surface becoming positive to the upper. The difference of 
potential in this direction having rapidly augmented until it amounts to about 0*02 
Paniell, very slowly subsides into the lasting effect of excitation described in 1 . 

6. When two symmetrical points on the under surfaces of opposite lobes are simi- 
larly compared during excitation, the excitatory efiect differs in character according to 
the relation between the seat of excitation and the leading off contacts, the surface of 
the lobe which is directly excited becoming negative to the other, consequently by 
changing the positive seat of excitation the direction of the first effect may be 
reversed.* 

7. When a voltaic current is led across the lobe from the upper to the imder surface 
by electrodes applied opposite to each other near the sensitive hairs, but not touching 
them, at the same time that the electrical state of the opposite lobe is observed as in 
4, a response occurs at the moment that the current ia closed, provided that its 
strength is such that the available electromotive force amounts to about half that of 
a Daniell cell and that the temperature is not below 30° C. No response occurs at 
opening the current. If a stronger current (two Daniells) is used and the direction is 
downwards, the response at closing the current is followed by several others. This 
effect does not happen when the current is directed upwards. 

8. A voltaic cun*ent directed from the upper to the under surface, which is too weak 
to evoke an excitatory response, produces an increase of the positivity of the under 
surface, limited to the part of the lobe through which the current passes, which lasts 
several seconds after the current is broken. Its direction shows that it is not due to 
'* polarization." 

9. Voltaic currents of less than -g^th second duration, though of moderate strength, 
do not excite Dioneea. Weaker currents cease to act when their duration is less than 
yJoth second. But the relation between strength and duration has not been 
ascertained. 

10. Opening induction currents such as are yielded by DU Bois-Reymgnd's smaller 
inductorium when the secondary coil is at a distance of 8 to 10 centims. firom the 

* It cannot be concluded either from the result stated above or from the preceding ones that in Dionasa, 
as in muscle and nerve, the excited part becomes negative to other parts. For it is as consistent with the 
facts observed to saj that the upper surface becomes positive as the immediate result of excitation, as to 
sav that the tender surface becomes negative, 
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primary, may for many purposes be used more advantageously than any other mode of 
excitation, for by means of them a leaf may be subjected to repeated excitations for 
several hours without failure or appreciable exhaustion. 

The minimum effectual strength of an opening induction current depends on its 
direction, weaker currents being responded to when they are directed downwards than 
in the contrary case. Induction currents which are inadequate to evoke a response 
are yet followed by a local change in the electrical state of the surfaces through which 
they are led which resembles that produced by weak voltaic currents. 

11. Summation of stimuli. — Two inadequate opening induction currents which 
follow one another at any interval greater than y^'', or less than -j^ths of a second, 
may evoke a response. In this case the response follows the second excitation. When a 
leaf is subjected to series of inadequate induction currents at short intervals {e.g.^ -^(fth 
of a second) the response may occur after a greater or less number of excitations, 
according to the temperature at which the experiment is made and the strength of 
the current. 

12. Summation of effects, — In a series of mechanical excitations each of which is 
just adequate to produce an electrical response, those which occur earliest are followed 
by no visible change Of form. Of the later members of the series each produces 
a measurable movement, the extent of which becomes greater each time that the 
excitation is repeated until eventually the leaf closes.] 

CONCLUSION. 

In the preceding paragraphs all reference has been omitted to the physiological 
meaning of the electromotive phenomena which have been described. The moment 
has now arrived at which it appears necessary to offer such an explanation as the 
knowledge acquired justifies, as to their relation to the vital processes with which 
they are associated. 

According to Professor MuxK the electromotive properties of the leaf of Dionsea 
may be accounted for on the supposition that in each cell the ends of the cell are, in 
the resting state, positive to the middle, and that in excitation the difference of 
potential between the ends (poles) of the cell and its middle (equator) undergoes a 
sudden diminution. This theory must be rejected at once, on the ground that it 
fails to explain the fundamental experiment. The electromotive forces it supposes 
to be in operation act in directions parallel to the surface of the leaf — at right angles, 
therefore, to the path of the currents which show themselves when the two opposite 
sur&ces of the leaf are led off to the galvanometer. Under these conditions it is 
impossible that the latter can be the expression of the former. 

On the other hand, I accept as fundamental the doctrine that whatever physiological 
properties the leaf possesses, it possesses by virtue of its being a system of living cells. 
The first question, therefore, to be determined is that of the electromotive endow- 
ments of the individual cell. 
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Each of the two lobes of the leaf of Dionsea is made up, for the most part, of 
cylindrical cells. The long axes of these cells (parenchyma cells) are all parallel to 
each other, and to the vascular bundles which run out from the midrib towards the 
margin. A transverse section of the leaf, made in such a way as to include a vascular 
bundle, shows that there are two or three layers of them, the most superficial of 
which are covered by the epidermis of the under and upper surfiices of the leaf 
As they are alike in structure, it may be assiimed that they have the same or similar 
functions. 

If it were possible, without injury, to investigate the electromotive properties of one 
of these cells individually, by leading off its opposite surfaces, we should probably find 
them to be isoelectrical both at rest and when excited ; for the electrical differences 
which exist in the cell are probably between the living inside and the non-living 
outside, and not between different parts of the surface. Consequently the electrical 
differences which show themselves between the opposite sides of the leaf blade which 
is made up of layers of such cells cannot be due to the summation of smaller 
differences between the two sides of the individual layer, for these are isoelectrical. 
They must, therefore, be refenred to the contact of different layers of cells with each 
other. But if electrical differences exist at the surfaces of contact of the cells, they 
must be associated with physical differences of other kinds. With respect to the 
nature of this difference it appears to be very probable that the moat important 
element is migration of water. For on the one hand we know that in consequence of 
the siu^e evaporation, migration of water certainly exists, while on the other we have 
proof in the experiments of Dr. Kunkel, that such migration cannot occur without 
producing electrical differences. 

As has been so conclusively proved by the experiments of Pfefter, those motions 
of the organs of plants which follow excitation are attended by diminution of die 
turgor or water -charge of the protoplasm of the excitable cells. The displacement of 
water occasioned by this discharge must unquestionably be attended by electrical 
change. In Dionsea the mechanical effect of an excitation can be seen from one to 
two minutes after the moment at which the excitation takes place. It is at the same 
moment that the second phase, or after effect, begins. In their origin, culmination, 
progress, and duration the two changes are closely associated. It therefore appears 
extremely probable that the two are causally related — that the positivity of the external 
surface is an expression of the electrical differences which exist between contiguous 
strata in different degrees of turgor — the less charged being negative to the more. 

The same theory affords us a complete and satisfactory explanation of the gradual 
change of potential which always results from repeated excitation, as well as for the 
fact so constautly observed, that the " after effect " which follows each of the first few 
excitations to which a leaf is subjected, is much greater in extent than those which 
occur after later ones, and that eventually the after effect fails entirely, reappearing 
after a period of repose. 
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I need scarcely say that the first phase of the variation — the eftect which 
immediately follows excitation and has an opposite sign to the after effect and a 
much higher electromotive force — does not admit of a similar explanation ; for it 
cannot be imagined that a change which spreads over the whole lamina in less than 
one-twentieth of a second can be dependent on migration of water. The excitatory 
disturbance which immediately follows excitation is an explosive molecular change, 
which by the mode of its origin, the suddenness of its incidence, and the rapidity of 
its propagation is distinguished from every other phenomenon except the one with 
which I have identified it, namely, the corresponding process in the excitable tissues 
of animals. 

Of the nature of this preliminary disturbance (to which alone the term excitatory 
variation ought to be apphed, it alone being the analogue of the " action current " of 
animal physiology) we know nothing. Just as in the case of muscle and nerve, the 
proof that it is attended by any chemical alteration or by the separation of any 
product of disintegration is wanting, so it is here. In the one case as in the other, 
we must regard the electrical change as a visible sign of an unknown molecular 
process. That it is not the primary change which occurs in protoplasm when it enters 
into the state of excitation we have evidence in two facts, first, that even when the 
exciting agent is an induction current which passes through one of the opposite 
Bur£a.ces by which the leaf is led off to the galvanometer, so that no time whatever is 
lost in transmission, there is still an interval between excitation and response of about 
0*03'', during which interval molecular changes are obviously in progress; and, 
secondly, that excitation just insufficient to evoke a response gives effect to a second 
which follows it, provided that the interval between the first and the second does not 
exceed one-third of a second — a result which can only be explained on the supposi- 
tion that the first excitation actually effectuates a molecular change, notwithstanding 
that the visible sign is waating. 

The direction of the excitatory eftect in the fundamental experiment is such as to 
indicate that in excitation, excited cells become positive to unexcited, whereas in 
animal tissues excited parts always become negative to unexcited. The apparent 
discrepancy will probably find its explanation in the difference of the structm-al 
relations of the electromotive surfaces. 
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Section I. — Introductory. 

The general anatomy of the adult Liicifer has been satisfactorily made known by 
the observations of Souleyet, Huxley, Hensen, Dana, Semper, Glaus, Dohrn, and 
Faxon ; and the only facts which I have to add relate to the structure of the 
reproductive organs. 

The earliest recorded observations upon this subject are by Dana (' United States 
Exploring Expedition during the Years 1838, 1839, 1840, 1841, and 1842,' under the 
CJommand of Charles Wilkes, U.S.N., vol. xiii., part 1). In plate 44, fig. 9, &, h, and 
m'\ he gives a very correct representation of the male reproductive organs and sperma- 
tophore of an adult male specimen of Lucifer {acestra) ; but his description of these 
figures (p. 670) shows that he was completely at a loss for an interpretation of the 
parts which he has represented, and had no idea of their true function. 

Later students have entirely overlooked these figures by Dana, and there has been 
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some doubt whether Lucifer is an adult animal at all, rather than the young form of 
some other Decapod. 

In 18G1, Semper (Reisebericht des Herrn Dr. Sempers. Ein Schreiben an 
A, KoLUKER ; Zeit. f. Wiss. ZooL, xL, 1861, pp. 100-108) re-discovered and described 
the male organs, and also the female organs, of a large, transparent, and probably new 
species which he found at Zamboanga. 

He gives no figures, and his short account, which is in the main correct, is as follows : — 

"Die Geschlechtsofl&iung ist einfach, liegt bei beiden Geschlechtern in der Mittel- 
linie des Bauches, dicht hinter dem letzten Brustfusse. Der Hode besteht aus einer, 
in der Mittellinie des Tliorax, dicht unter dem Magen liegenden Samendriise, an 
deren hinteres Ende, dort wo der kurze Samenleiter entspringt, sich mehrere Neben- 
driisen ansetzen. Der Same wird, noch unentwickelt, in einen birnfbrmigen grossen 
Spermatophor eingeschlossen. Das hinterste Ende dieser miinnlichen Driise reicht bis in 
die Mitte des ersten HinterleibgHedes, das vorderste bis ziemlich dicht an den Schlund. 

" Das Weibchen hat zwei Eierstocke, die vom Ende des sechsten Hinterleibgliedes 
an dicht unter dem Darm, sich bis in die Mitte des Thorax erstrecken, hier biegen sich 
die beiden Samenleiter nach unten, und schwellen dann zu zwei grossen Taschen an, 
die eine kleine Tasche umfassen; die Geschlechtsofl&iung ist einfach; ein einziger 
Spermatophor steckt mit seinem spitzen Ende darin. Entwickelte Zoospermien 
habe ich nicht beobachtet. Weibliche Begattungsorgane fehlen. Die Entwickelungs- 
geschichte ist mir unbekannt geblieben." 

The male organ has two external openings ; they are not on the median line, and 
their position in the body does not con-espond to that of the female orifice ; but in 
other respects my own observations show the correctness of this description. 

As Semper does not give any account of the general structure of these sexual 
individuals, Glaus ('* Ueber einige Schizopoden und niedere Malacostraken Messinas,*' 
Zeit. f Wiss. Zool., xiii., 1863, pp. 433-437) held that the adult nature of Lucifer 
must still be a matter of uncertainty ; but in 1871 Dohrn verified Semper's account 
from alcoholic specimens (** Untersuchungen iiber Bau und Entwickelung der Arthro- 
poden,'^ von Dr. Ant. Dohrn, Zeit. f. Wiss. Zool., xxi., 1871, p. 357), and showed 
that the mature animals have the form which had been described by Thompson 
(* Zoological Eesearches and Illustrations,' 1829, p. 58) as characteristic of the genus. 

In the following year Semper ("Zoologische Aphorismen, von C. Semper : I. Einige 
Bemerkungen iiber die Gattung Lucifer,'' Zeit. f. Wiss. Zool., xxii., 1872, p. 305) 
published a second paper, in which he gave two good figures of the male and female 
reproductive organs (taf. xxii., figs. 3 and 4), but added nothing to his earlier 
description. 

During my own studies upon the development of the larva I found an abundant 
supply of adult specimens of both sexes, and am thus enabled to give a more complete 
account of the structure and relations of the reproductive organs. 

Plate 9, fig. 75, is a side view of the carapace (c) and the first abdominal 
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somite (a) of an adult male, showing the first abdominal foot {PL 1) and the basal 
joints of the third maxilliped {Mp. 3), and the first, second, and third thoracic limbs 
{Pr. 1, Pr. 2, Pr. 3). The testis (t) consists of a series of about eight pouches or 
follicles, which hang down into the body cavity under the anterior end of the intestine 
(i). The body of the animal is so tliin that it is almost impossible to get a good 
dorsal view without crushing the specimen; but a very careful examination of the side 
view seems to show that there is only a single organ on the median line of the body, 
as Semper states. On each side of the intestine, along the line where the testis joins 
its wall, a small tubular vas deferens (vd) arises, and runs backwards along the side of 
the intestine nearly to the end of the first abdominal somite, to which it seems to be 
attached (at I) by a ligament. It then bends outwards and forwards upon itself to 
form a second much larger portion (sp), which is parallel to and outside of the first 
portion, and reaches nearly to the anterior edge of the first abdominal somite. The 
third or terminal portion (sv) has a large cavity, thick walls, and it runs down .to an 
external opening which is situated on the outer edge of the sternal surface of the 
thoracic region, behind the basal joint of the third pereiopod, and therefore in the 
position which would be occupied by the basal joints of the fourth or fifth pereiopods 
if they were present. 

There is a vas deferens, made up of these three portions, on each side of the body, 
and the ventral nerve chain (tg) passes between their external openings. 

The more anterior follicles of the testis are almost perfectly transparent, but the 
development of the male cells in the posterior ones gives to them a faint granulation. 
The first division of the vas deferens (vd) has a small cavity, thin walls, and as it 
usually seems to be entirely empty it is probable that the passage of the male cells 
from the testis through it to the second division (sp) takes place quickly. The second 
division (sp) has a very large cavity, and in it the male cells become arranged in a 
single layer around the surface of a central core, which is formed of some dense 
transparent adhesive substance. 

The spermatophore appears to pass into the third chamber (sv) before it is completely 
formed, as all those which were seen in the second chamber consisted only of a central 
core and a layer of male cells, while those which were contained in the thick- walled 
third chamber had an outer enveloping capsule. 

I found several specimens with a fully-developed spermatophore on one side of the 
body and none on the other side, and was thus enabled to thoroughly satisfy myself 
of the presence of two vasa deferentia, and two external openings. 

I was unable to discover how the spermatophore is transported to the body of the 
female, or what part the clasping organ (c) upon the first pleopod of the male performs 
during the act of copulation. 

Upon several occasions I observed a male clinging to the basal joints of the firat 
antennae of a female, but as I never succeeded in getting the pair under a lens with- 
out separating them, I made no careful examination. Copulation usually takes place 
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during the daytime, or at least this was the case in every instance which I observed. 
Id several cases I found female specimens with a single fresh spermatophore attached 
to the opening (Plate 9, fig. 74, o) of the seminal receptacle («•). This opening is 
situated between and a little anterior to the basal joints of the third pair of thoracic 
limbs (Pr. 3 of fig. 74). As the spermatophore gradually discharged its contents, it 
was easy to see that both the central core and the investing layer of spermatozoa 
escaped from the outer sheath and passed into the seminal receptacle. In all the 
breeding females which I observed the spermatozoa filled the posterior, and the trans- 
parent core of the spermatophore the anterior half of the spermatic receptacle, as shown 
in fig. 74. The ovary is very long (fig. 74, or), and it lies under the intestine, 
reaching from the fifth abdominal somite to the posterior edge of the carapace, where 
it bends upon itself at right angles and runs down to its external opening, which is 
upon or close to the median line of the ventral surface, a little in front of the third 
pair of pereiopods. The waU of the ovary is so very thin and delicate that I was not 
able to detect it at all except when it was filled with ripe ova. These are very much 
elongated, granular, and slightly opaque ; and there does not seem to be any shell 
around them. They are very elastic, and undergo great changes of shape as they pass 
through the small oviduct. 

Oviposition occurs between 9 and 10 o'clock in the evening, and occupies only a few 
minutes. 

After the eggs are laid they are spherical, transparent, and each one has a rather 
thick sheU. They are attached, in a loose bunch of twenty or more, to the last pair of 
thoracic hmbs, and in order to save space I have shown them in fig. 74, although the 
specimen from which the figure was drawn had not laid any of its eggs. 

As I obtained very few ripe females, I was not able to sacrifice one of them to study 
the reproductive oi^ns under pressure, and I am therefore imable to decide whether 
any parts of this system are double ; but I feel confident that there is only one sper- 
matic receptacle, and the opening of the oviduct seems to be upon the median line. 

We found a few adult specimens out at sea, but, wliUc I was able to learn little 
about their habits, I think that they are not strictly pelagic, but that their proper 
home is the salt marshes close to the ocean. 

They were met with in the greatest abundance about half-a-mile inside Old Topsail 
Inlet, near a large marsh, during the first hour of the ebb tide, on calm evenings when 
the tide turned between 7 and'S p.m. ; and I infer that they leave the marshes at this 
time to breed in the ocean. All the mature females which we found, with one excep- 
tion, were captured under these peculiar conditions ; and we never failed to find them 
at this spot when the tide tiuned about sunset and the water was calm. 

Owing to this singular limitation there are only a very few favourable evenings for 
procuring the eggs in a single season ; and until the animals can be made to thrive 
and multiply in confinement, it must always remain an extremely difficult matter to 
procure the eggs in abundance. 
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Up to the present time our knowledge of the early stages of Ludfer has been 
extremely meagre. 

In his report on the Crustacea of the United States Exploring Expedition, Dana 
described (p. 634) an organism under the name of Emchthina demissa, and figured 
it in plate 42, fig. 3. Claus ('Crustacean System/ p. 13) gives a figure of the same 
organism at a latter stage of development, and calls attention to the numerous features 
of resemblance to the Protozoea stage of development of Penceus. 

Only a few months before his death, the lamented Willemoes-Suhm collected a 
number of specimens of Emchthina in the South Pacific, and, associated with them, 
a sufficient number of later stages to assure him that Erichthina is the larva of 
Lucifer. His account (" Preliminary Remarks on the Development of some Pelagic 
Decapods," by R. von Willemoes-Suhm, Ph.D., Proc. Royal Soc, Dec. 9, 1875, 
p. 132-4) is very brief, and as it contains all that is known about the metamor- 
phosis of this extremely interesting form, I quote it in full : — 

" Very similar to that of Sergestes is the development of Leucifer. Here the earliest 
Zoea of a species from the Western Pacific has got at first no eyes, then sessile ones 
came out, and the animal then presents the form which Dana has called Erichthhia 
demissa, and which Claus suspected to be not a Stomatopod but a Schizopod larva. 
After the second moulting this EHchthina gets stalked eyes, and very long setse 
on all its appendages, becoming a rather long, very delicate Zoea. It now enters the 
Amphion stage, but never gets more than four pairs of pereiopods, and loses another 
pair of these when it moults for the youngest Leucifer stage, in which two pairs of 
pereiopods are absent. 

** The next question after having found this out, was, of course, whether Amphion^ 
Sergestes, and Leucifer leave the egg as a Zoea, or whether there is a preceding Nauplius 
stage. My own impression is that in the two first-named genera this is not the case, 
as the youngest Zoeas which I caught had aU the same size, and as none of them was 
without the large lateral stalked eyes. As for Leucifer, the question appears to me to 
be doubtful ; for it is, from what I have seen, quite possible that my youngest Zoea, 
which has only got a central eye, may be preceded by a Nauplius. Of course, the 
simplest thing would be to get the eggs ; but there is the difficulty, for Amphion is 
caught very rarely, and has never been obtained at any other time but between 
8 and 12 p.m., when it is extremely difficult by lamplight to find out the youngest 
stages. Sergestes larvae are commoner, appearing also in the daytime, and Leucifer is 
sometimes caught in abimdance. I hope, therefore, that I shall succeed in completing my 
researches about this question, especially as far as the two latter geneitt are concerned. 
H.M.S. ' Challenger,' Honolulu, Sandwich Islands. 
July 30, 1875." 

As the sad death of this lamented naturalist, only a short time after, put an end to 
this as well as to his other researches in all departments of zoology, I take pleasure in 
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stating that I have fortunately been able to complete his obsen-ations upon Lucifer, 
and to furnish a very perfect account of its entire metamorphosis, as well as a few 
important facts with reference to its development in the e^. 

At the end of April, 1860, I found a single specimen of Lucifer with two eggs 
attached to one of its appendages, and I was led by the great importance and interest 
of the subject to make every effort to trace its life-bistory. For four months I met 
with no ouccess whatever, but about the 1st of September I found a few advanced 
larvae, and traced them to the adult, and I then succeeded in finding earlier stages 
and tracing them as far as the stages which I had previously found, but it was not until 
the last week uf my season at the sea-shore that I succeeded in hatching the Xaiipliui 
from the egg, and the last gap in my series was bridged by a moult which occurred 
only a few hours before my departure. 

As the result of my four months' efforts I can now state that I have seen the eggs 
of Lucifer pass out of the o\-iduct. I have seen the Nauplius embryo escape from the 
same egg which I had seen laid, and I have traced every moult from the XaupUus to 
the adult in isolated specimens. There is therefore no Crustacean with the meta- 
morphosis of which we are more thoroughly acquainted than we now are with that of 
this extremely interesting genus. 

Not only is it true, as Willemoes-Suhm has pointed out, than Dana's Erichihina 
demissa is a larval stage of Lucifer, but that Dana's Sceletina ammta is a later stage 
in the same series, while some of the forms which he includes in his genus FurciUa 
are also, in all probability, Lucifer larvae. 

The occurrence of a free Nauplius stage of development in the life-history of one of the 
higher Crustacea is a matter of such profound significance in the scientific discussion 
of the phenomena of embryology in general, that it can hardly be accepted without 
question so long as there is any possibility of error. Two of the observers who have 
testified to ila occurrence have based their conclusions upon evidence which would be 
perfectly satisfactory in any ordinary case, but as they did not actually trace all the 
stages of development their statements do not stand the severe analysis which the 
importance of the case demands, and certain naturalists have therefore refused to 
give them unqualified acceptance. 

The third observation was made so many years ago, and the larva is so briefly 
described, that it would not be safe to assume, in the absence of all corroborative 
evidence, that it is a Nauplius at all 

In December, 1838, Dana found in the harbour of Rio de Janeiro great numbers of 
specimens of a Schizopod, which he described {'United States Exploring Expedition 
during the Years 1838-1842,' under the command of Charles Wilkes, U.S.N., 
vol xiii., part i., p. 654) as Macromysis gracilis. In the brood-pouches of some of 
his specimens he found an abundance of eggs and developing embryos, several of 
which are shown in bis plate 45, fig. 5. He made no careful study of their structure ; 
his notice of tbem in the text is only a few words ; and his figures are very small, 
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and show the embryos in dorsal view, as seen under a very low magnifying power, 
but they are so much like Fritz Muller's figures, that we must acknoy^ledge that 
the credit of the first discovery of a Malacostracan Nauplius belongs to Dana, and 
that up to the present time this is the only case in which a Nauplius has been traced 
to an egg which could be definitely identified as that of a specific adult Mala- 
costracan, although his account is so imperfect that in itself it is certainly not 
suflBicient to prove the existence of the Nauplius stage at all. 

In 1861 Fritz Muller found, at Desterro, in Brazil, a single specimen of a Naup- 
lius ('*Die Verwandlung der Gameelen/' Erster Beitrag von Fritz Muller, in 
Desterro, Arch. f. Naturgeschichte, 1863, p. 9), which he traced, through other speci- 
mens which were also collected in the ocean, to a form which he believed to change 
into the youngest Zoea of a species of Peuceus. The series of stages is so satisfactory 
that there is no reason for doubting the accuracy of his conclusion, but the chances 
for error, in the attempt to trace Crustacean development from isolated specimens, are 
so very great that the statement has not received unqualified acceptance. 

The only other recorded observation of a Malacostracan Nauplius is not among the 
Decapods, but in the more embryonic Schizopods. These observations, which were 
made by Metschnickoff, would tend to corroborate those by Muller, but they are 
unfortunately open to the same criticism. He did not actually rear the larvae and 
trace them to a specific adult, and although there would in ordinary cases be no doubt 
of the correctness of his conclusion, a careful analysis of his papers will show that 
there certainly is a possibility of error. 

In the spring of 1868 he collected from the surface of the ocean at Messina a few 
early stages in the development of a Crustacean, which he believed to be Euphciusia 
mulleri (Claus), and showed (" Ueber ein Larvenstadium von Euphausia " von 
El. Metschnickoff in Petersburg, Zeit. f Wiss. ZooL, xxix., 1869, p. 479, taf. xxxvi.) 
that it passes through a well-marked Nauplius stage, of which he gives three figures. 

The following year, at Villafranca, he collected a good supply of young larvae and 
floating eggs in advanced stages of development, and was thus enabled to supplement 
his first paper by a second (" Ueber die Naupliuszustande von Euphausia" von Elias 
Metschnickoff, Zeit. f. Wiss. ZooL, xxi., 18701 p. 380, taf xxxiv.) in which he gives a 
minute account of the Nauplius from the time it leaves the egg until it changes into a 
form somewhat similar to the youngest stage of Euphausia^ which had been previously 
described by Claus (" Ueber einige Schizopoden und niedere Malacostraken Messinas," 
von Prof Dr. C. Claus, Zeit. f, Wiss. ZooL, xiiL, 1863, p. 422). Claus had supposed 
this to be the stage in which the larva leaves the egg, and he says (p. 450), " Diese 
Larve bin ich geneigt fiir die jungste aller freieren Entwickelungsformen der Euphausia 
anzusehen." He subsequently learned, however (" Untersuchungen zur Erforschung 
der Genealogischen Grundlage des Crustacean-Systems," p. 9), that he had been in error, 
since he afterwards found, in an Atlantic and also in a Mediterranean species, an earlier 
Protozoea stage, which changed into the ZoUa described in his first paper. It therefore 
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follows that Metschsickopf studied soraething else, or that he was in error in 
believing that he liad tracsed his Nauplius directly to what Glaus has shown to be a 
somewhat late stage in the development of Euphausia. Metschnickoff's only reason 
for believing that his NmtpUus is a young Euphausia is its resemblance to Claus's 
larva, and as there is certainly an error here, we are not justified in ^ving unqualified 
acceptance to his statement that it is an Euphausia larva. It seems very probable, 
indeed, that this is the case, but in the absence of the direct evidence which could only 
be afforded by actually tracing it back to an Euphausia egg, or forwards to the adult 
Euphausia, I do not think that the existence of a Malacostracan Nauplius can be said 
to be established by these observations, for they do not stand the severe test which is 
demanded by their unusual importance, and I think the facts justify the statement 
tiiat, up to tbe present time, there has been no unquestionable evidence of the 
occurrence of such a stage of development in the higher Crustacea. 

The present series of observations Is complete at both ends, and I have not relied 
upon surface-collecting to fill a single gap, but have traced every st^ge in isolated 
captive specimens, and the possibility of error seems to be entirely out of the 
question. 

The close resemblance between the NaupUus of Lxidfer, and Mulleb's and 
Metschnickoff's larvse, renders it almost certain that they also are Malacostracan 
larvie, but before this corroborative evidence was furnished, it was certainly quite 
possible, although hardly reasonable, to doubt whether this was true of either of them. 



TI. — The Segmestatios of the Egg, .^sd Formation of the Food-yolk and 
Primitive Digestive Camty. 

Unusual difficulties attend the study of the early stages in the embryology of 
Lucifer, and the observations which I have been able to make are incomplete, and 
leave many gaps to be filled and many interesting points to be decided by future 
investigations ; but the facts which I have made out are so novel, so different from aU 
that was previously known of the early stages of Arthropod development, and they 
throw so much light upon the relation of the peculiar and greatly modified form of 
segmentation characteristic of the group to the less modified form of segmentation 
presented by the more normal eg^ of otlier animals, tliat it seems best to give ray 
results in their present incomplete state. 

I am the more willing to do this, because the peculiar difficulties of the subject leave 
little hope for the attainment of more complete results in the future. 

The e^s are so loosely attached to the apjwndiiges of the female that they are 
broken off by the slightest roughness of handluig. and it is very difficult to obtain them 
by collecting the egg-bearing females. Even when great numbers of mature spedmens 
are captured in the breeding season, with the greatest care and delicacy, veiy few of 
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them, much less than 1 per cent., are found to have eggs attached to theu: limbs when 
the collection is examined. 

If the matiure animals could be induced to thrive and multiply in confinement, there 
would be no difficulty in obtaining a sufficient supply of eggs, but imtil this can be 
done it must be extremely difficult to procure them in sufficient numbers for exhaustive 
study. 

During the early stages the eggs are so delicate that they are soon destroyed by 
the confinement and compression to which it is necessary to subject them while they 
are under examination, and it is therefore impossible to watch very many stages 
in a single egg. 

When we add to this that the eggs are laid about 9 o'clock in the evening, and 
must be studied between this time and daylight, after several hours of laborious 
collecting, by eyes that have been already severely taxed with looking over the collec- 
tions and picking out the transparent and almost invisible adults by an artificial 
light, and examining each one of them wdth a lens to find those which carry eggs, the 
difficulty of the subject will be appreciated. 

The eggs are spherical, transparent, and they contain extremely little food-material. 
This is uniformly distributed over the whole egg in minute globules, which have nearly 
the same colour and refractive index as the surrounding protoplasm. 

The egg undergoes total regular segmentation, and a true segmentation cavity 
occupies the place filled by the large central yolk-mass in the eggs of other Arthropods. 

It first divides into two equal portions (Plate 1, fig. 1) ; then, by a cleavage at 
right angles to the first, into four (fig. 5) ; then into eight (fig. 8) ; then into sixteen 
(fig. 10) ; and so on. 

At the stage shown in fig. 10 the inner ends of the sixteen spherules are seen to be 
separated from each other by a central space, the segmentation cavity, which persists, 
and is shown at later stages in figs. 11, 13, 15, 16, 17, 19, and 20, at b. 

In fig. 10 the egg will be seen to be spherical, and all the segments have their 
broad ends at the surface ; but in the next stage one pole of the egg becomes a little 
flattened, and in an optical section the spherule (c), which occupies the centre of the 
flattened area, is seen to have its broad end nearest the centre of the egg. 

Most of the food-material has meanwhile disappeared from the other spherules, 
which are now quite transparent, while the spherule (c) still contains as much as 
ever, but apparently no more than there was contained at an earlier stage in an equal 
area of any part of the egg. In an optical section of the same egg, in a plane at right 
angles to that of fig. 11, the spherule (c) shows a trace of a fissure, which a little later 
divides it into two (see fig. 12, c). 

Plate 2, fig. 13, is an optical section, like the one given in fig. 11, of a somewhat 
older egg; and fig. 14 an optical section of the same egg at right angles to fig. 13. 
The outline is a little more flattened on one side than it is in fig. 11, and the 
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w|flf<triilit (r) III r'(irn|ilft,t:|y divid'td )ty si nflial f\mnr(: int/j two, and these project into 
fill' Hc^r(iciit.rilioii I'lLvily {//) II lil,l,l(; lu'iri: ili.'iri they flid before. 

In (i(f Iff 111" ltittl.('iiiii;( IiiiK Ih'Coiik: fi fjwp ])it (*/), and the spherules (c) have been 
|iU(ilii'(| ijuitn iiiln tlic Mi'^iii«'iilitti')ti cavity, and the a^Jjacent cells have begun to move 
ill l.liK niirim dii'Ki'linii. 'I'lii^ (iliiuifff: m iii'ire marked in fig. 16 ; and in &g. 17 the egg 
(•Miiitin|ii iiC iL il<iiili|i< Willi i)f' i:r]\n, the ectodf-rm and the endoderm, surrounding a 
|»rliiiilivt' dl^cMlivi' mvily {</), iiih! msparatal from esich other by the segmentation 
I'tivll V (''). '" wliii'Ii Um (,w() (■.(»IIh ((;) arc HJtnated. Each of these also shows traces of 
II divit'ioii iiitii (wo. 

TlifHo I'liiiiif^i'N ivrc iimro niarknd in li{^. 10; and in fig. 20 the opening of the 
))i'iini(!vi> dt^'iwlivu ctivily \h niiirh nnluued in mzo, and the cavity itself does not lie 
t'MU'tly in (In- iivin of Ihc egg, hut at one auh of it. 

A nitnr niltnilt' i»\nnuiiniiim ol l.lio sugniontation brings out a number of interesting 
|uiiti(N : Kill' I'f llicm is tho rhylliiiiiwvl character of the process, which is not a con- 
liiiUiiUN tinirtini) oht)iigi\ hut a Morics of utagos of iictivity, separated from each other by 
|H>niuln oru'Ni. 

'I'ho ojig itliown in rintc 1, tij;. I, whk laid about 10 o'clock P.M., and about 10.35 it 
WiiN ill i\\t} iMuditiou which is ivpiv.scntcd in the hgure. As I had not been watching 
l( I did i)>>t i>l>sovvt> thi' ttfst division, iind when first seen it was in the resting 
\s>udilii>n. smd tho two )tnhonilo.s woiv not sharply defined, but pressed together. 

Ihninij tho no\( fil\tvn minutos no external change was visible, and the drawing 
\\j>» mrtdoitt 10.>0 r.M. It thou onteit\l \\\K>n the second period of segmenting activity, 
itnd in livv minutos tho two sphorulos woro well defined, as shown in fig. 2; and in 
tiw miunt*'s inoiv ^tij;. :!\ ono of thoni showed traces of division into two. In ten 
mMU(tt>!t tnoiv ^ti;;. O thi^ division wiis ot.>itiploted, and traces of a similar change had 
t«;tvlo tV.oiv ;u»jH\ir»uvv in tho other spherule, which w;»s also perfectly divided into 
!\\\» .-»{ ;V.o or.d ot* livo n>inut»>s nioiv (tig. 5). This stage ended the second period 
ot'sotixitx, «h:,'V. w»s twtfuly-tivo mimuos long. 

IV!!!!'.^; ;I-.o who;o of this tiino tho oj:^ showed gradual and uniform change, which 
x*.-*.* »',;rtt\nor.tS r.r.'id to Iv distinctly visible. Although four so-called stages are 
l\t;'.:;r\\. ;V.t ;x' » ;is v.o %*.:x isJon i'.'.io st;»gx's. but :i continuous change withont inteiruption. 

V;io tour siiV.or.'.'.t^s ;;.■•* Ky:-,;i to tlalien ilown. and in five minutes the egg was in 
tl".o vVJsi ;;:.■:■. wV.-i-;-. ;s showr. in t^.^:. t>. ;tr.vl it then reiuainod without any extcnal 
oK'»v,j;v tV,- :',>.»'>r,- '.V-;i:-. :ov. ;".::".-.u>!v Tiio soooi-.d jvriod o:" rest, measured 6v<m the time 
»V.ov. 0^' t>,;r s;-.V.o;-«:'i>s Ixysr, ;o s:;Hr.k t^^^-thor to the tinie whai tfcey began to 
I'^V'", ov,: ,■*;;.; <-r.tov ;:ivtt', t-:c tV.'.Tvi jvri.xi of >v:;vt' soiiiueniatioi:. w»s tber%.>re mote 

,\1 '. '. *0 thi" r.v.r sp^;i:v.'.tis ■«Yrx' .dv r.i;ro <i&rj\v der,r,TC .,ij, 7\. Uii dangw 
»-,'-".t ,v, v.v.:f,v.-.v".\ "•.::'. -s: .i '..- -v x . ;.'.X-. »~.^ ;V7:e>.;"y vUfiieii ii:o tWiX as shown 
;;■ tijt. S^ x« ■;■-■,->. •.-.■.'itis :':;;- ; -ic, ,:" :>.t :h;r.i ixH-V- . * .w:ir::y. ■u:rtT-ire jrisates loog. 

I «3ts v.-. ,-.".C\ -.,■ «,■»;,-; ;!.:* s"*^ Ujsj ,:.:.■ :'... : i\: ris:-..^ >cj»ji, t^ it hi^ twco so 
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long under observation (1 hour 45 minutes) that its development was arrested at this 
point ; but another egg in this stage of development was seen to pass into the resting 
condition, as shown in fig. 9, and it then remained quiet for about fifteen minutes, 
showingno external indications of change during this time. 

At the end of the third period of rest the spherules again became prominent, so that 
the outline of the egg was exactly like that of fig. 8, and the egg entered upon the 
fourth period of activity, soon dividing into sixteen spherules (fig. 10), arranged around 
a segmentation cavity. 

In about twenty-five minutes from the beginning of tliis period of activity the 
spherules began to flatten down once more, and the egg passed into the fourth resting 
stage, but it was not observed beyond this point. 

The alternation of activity with rest was observed at much later stages, but after 
the gastrula invagination makes its appearance the cells of the endodermic portion of 
the egg do not undergo active change at the same time with those of the ectoderm, 
and the egg has one set of periods of activity for each layer. As development goes on 
the periods of rest grow longer and the periods of activity shorter, and the spherules do 
not flatten down while at rest. 

The egg which is shown in optical longitudinal section in fig. 16 was in the field of 
the microscope for nearly twenty minutes, while I was examining another specimen. 
An occasional look at it showed that it was not changing, but at the end of this time 
I noticed that the outer ends of the ectoderm cells directly opposite the orifice of 
invagination were notched, as is shown in the figure. Activity spread in all directions 
from this point, and in less than five minutes all the cells were notched, and those 
nearest the centre of the area of activity were perfectly divided into halves. In about 
five minutes more all the ectodermal cells had divided, and this layer had the 
appearance shown in fig. 17 — which, however, was drawn from another specimen. 

This last egg remained in the condition shown in the drawing for fifteen minutes 
from the time it was fir^t observed, and a movement of the appendage to which it was 
fastened caused it to roll over and present its formative pole for examination before the 
beginning of the next period of activity, which is shown in surface view in fig. 18. 
The manner of division was simply a repetition of that which has just been described. 

The cells nearest the centre of the formative area became notched, and then divided 
into halves ; and the activity gradually spread over the egg in all directions, until, in 
a few minutes, all the cells which were visible were at some stage of division. 

The rapidity and unifonnity with which this change spread over the egg rendered it 
an extremely interesting and impressive sight, and I know of no other case in which 
segmentation is so perfectly regular at such an advanced stage of development. 

The activity did not afiect the endoderm cells in either of these cases, but at a later 
stage (fig. 20) they were seen to be in an active segmenting condition at a time when 
the ectoderm cells were at rest. I was not able to keep this egg alive long enough to 
watch the completion of the process, for it had been under the microscope for some 

K 2 
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time before the stage shown in the figure was reached ; but the division of the 
endoderm cells appears to go on much more slowly than that of the ectoderm cells. 

This phenomenon, the alternation of periods of rest with the periods of active 
segmentation, does not seem to have received from embryologists the attention which 
it deserves. A number of observers have pointed out that in many animals, among 
the Mollusca especially, the distinctness of the spherules becomes more or less com- 
pletely obscured after each division, and that this state pei'sists until just before the 
next division, when the spherules swell out and again become conspicuous. The 
change of form does not seem to be at all general, and in most accounts of segmentation 
nothing of the kind is recorded. 

I believe that it is a secondiiry phenomenon, and that the essential thing is the 
alternation of rest with activity ; and I am confident that careful time records of 
segmentation will show that this occurs in nearly every case, sometimes with and 
sometimes without the accompanying change of form. 

I have observed it in Physa, Limnceus, and Planorbis, where segmentation is total 
and nearly regular ; in the Oyster, where the egg has a rudimentary food-yolk and 
segmentation is irregular ; in a bony fish with a large food-yolk and a discoidal seg- 
mentation; and in Lucife)\ Other investigators working under my guidance have 
observed it in Amhlystoraa and in oligochaetous and polychaetous Annelids. These 
are all the cases in which I have been able to test the matter since my attention has 
been attracted to the subject ; and as the alternation was found to occur in every case, 
although the animals are so widely separated and present such diverse modes of 
segmentation, I feel justified in assuming that the phenomenon is general, and will be 
found in all eggs which can be properly examined by watching and timing them while 
segmentation is going on. 

The cause of rhythmical physiological change is an extremely interesting question ; 
and as the segmenting egg exhibits the phenomenon in the greatest possible simplicity, 
it would seem to be a peculiarly favourable subject for investigation. 

The phenomena which have been described seem to show that segmentation is not 
due to the action of any purely molecular force, like polarity, but is essentially a vital 
activity, and in a paper on the embryology of the fresh-water Pulmonates (* Studies 
from the Biological Laboratory of the Johns Hopkins University,' vol. i., part ii.) 
I have ventured the following explanation. 

During the period of segmentation the protoplasm of the whole egg (of Physa) 
gradually becomes more and more transparent, on account of the gradual disappear- 
ance of the granular food-material which it contains, and the rhythmical character 
of the process of segmentation would seem to admit of a simple explanation on the 
supposition that the physical properties of the protoplasm offer a resistance which 
must be overcome before the force which is set free by the assimilation and reduction 
of the food-material can exert itself to bring about the active changes of segmentation. 
During a period of rest the process of digestion and assimilation accumulates a store 
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of energy which, at length, becomes suflScient to overcome this resistance, and to 
initiate a period of activity which lasts until the whole of this reserve of force has been 
expended in the rearrangement of the protoplasm. The physical properties of the 
protoplasm now reassert themselves, and tend to reduce the whole egg as nearly as 
possible to a spherical form once more, and the egg then remains inactive until the 
supply of energy again becomes great enough to overcome the resistance. 

If this is the true explanation we should expect to find the alternation of rest and 
activity much more general than the change of form, for the degree of consistency of 
the protoplasm or the amount or character of the food-material, or the way in which 
it is distributed through the egg, may prevent the second set of changes from showing 
themselves. This is precisely what we do find, and in the bony fishes, where the large 
food-yolk would prevent any marked change of form, we find the first set of changes 
well marked, but with no trace of the second set. 

Leaving this subject for the present, I wish to say a few words about another 
interesting phase of the early stages of Xt^c^/c?^ We cannot fail to be impressed by 
the very remarkable departure from ordinary Arthropod segmentation, nor can we 
overlook the fact that in all the points of difference from the eggs of allied forms, the 
eggs of Lucifer show a most suggestive resemblance to the ordinary unspecialized ova 
of other Metazoa. 

In an ordinary Arthropodan egg we have, as the outcome of the process of segmen- 
tation, a central mass of food-yolk, which may or may not be divided into segmentation 
products, and which completely fills the segmentation cavity ; and an outer investing 
layer of blastoderm cells ; that is, the egg undergoes a centrolycethal segmentation.* 

In most Crustacea the early stages of segmentation are regular, and apparently 
total, but the lines of cleavage do not pass entirely through the egg, and the spherules 
are united to each other by a central mass of food-yolk. When segmentation is 
somewhat advanced the products of segmentation become more or less pyramidal, 
with the bases of the pyramids at the surface, and their apices fused together at the 
centre of the egg. The outer ends of the pyramids then become transparent and 
separate oflF as a blastoderm, while the inner portions usually fuse together, more or 
less perfectly, to form a central food -yolk, which fills the space which in ordinary eggs 
constitutes the segmentation cavity. A small portion of the blastoderm then becomes 
invaginated to form the primitive digestion cavity, and the remainder becomes the 
ectoderm. 

The centrolycethal type of segmentation presents great variations in the different 
groups of Arthropods, but in nearly all cases its peculiaiities are so well marked 

• The whole subject of segmentation has been so ably and exhaustively reviewed by Balfour in his 
recent work on ' Comparative Embryology,' that it does not seem necessary to burden this paper with 
a long list of references to the literature of Arthropod segmentation, or to enter into an exposition of the 
present state of our knowledge of the subject. All the essential facts and opinions may be found on 
pages 79-99, 317-379, and 425-433 of vol. i. of the * Comparative Embryology.' 
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that it is difficult to trace any resemblance to the various forms of segmentation which 
occur in other groups of animals. In Lxicifer the case is reversed, and we have a type 
of segmentation which is obviously similar to that of the Echinoderms, Annelids, 
Molluscs, Tunicates, Vertebrates, Ac, but is less obviously related to that of the eggs 
of closely allied forms. The resemblance to what may be called " normal " segmenta- 
tion is so plain that it need not be dwelt upon, but the relation between the egg of 
Lucifer and an ordinary centrolycethal egg is by no means clear. 

It seems probable, however, that since thq food -material which has not been assimi- 
lated becomes centralised, after segmentation is somewhat advanced, in the single 
spherule c, of fig. 1 1 , this spherule must correspond to one of the yolk-pyramids of an 
ordinary Crustacean %^g. This then divides, by radial fission, into two portions (fig. 
13, c), and it seems probable that the food-material then becomes restricted to their 
central ends, whUe the outer protoplasmic ends separate ofi* as a pair of blastoderm 
cells (fig. 15), thus leaving the two masses of food-yolk (c) inside the segmentation 
cavity. While I was investigating the subject I regarded the spherule c, of fig. 11, 
afi a primary mesoblast, which became pushed into the segmentation cavity, and then 
divided up to form the mesoderm ; and I expressed this view without comment 
in a preliminary abstract of the subject ("Embryology and Metamorphosis of the 
Sergestidae," Zoologischer Anzeiger, iii., p. 563). In most cases where the origin of the 
mesoderm has been most carefully studied, it originates by the separation of the inner 
ends of the cells which are to give rise to the endoderm, either before or during or 
after the invagination takes place ; the mode of origin of these spherules in Lucifer 
and their position in the ^^^^ agree with what we should expect if they belong to the 
mesoderm, but the great quantity of food-material which they contain would hardly be 
looked for in this case, and favours the view that they are yolk-pyramids rather than 
mesoblasts. 

As I examined no eggs between fig. 20 and fig. 21, the later history is uncertain, but 
a reference to figs. 21, 22, 23, and 24, which are about twenty hours later than fig. 20, 
shows that the region of the digestive tract of the Naujolius is marked by the presence 
of a number of large polygonal masses of what appears to be food-yolk, and it seems 
probable that these are the derivatives of the spherules c, of fig. 20. I was not able 
to actually witness the change from fig. 11 to fig. 15, and cannot state with absolute 
certainty that the spherules c divide into a central and a peripheral portion. Fig. 15 
seems to indicate that this is the case, but in the absence of direct observation of the 
change, it is possible that the two cells which in fig. 15 lie below the cells c, are the 
ones which were at its sides in fig. 1 1 . 

If each of the cells c gives rise to a blastoderm cell, we should expect to find two 
more cells in fig. 15 than in fig. 18, but the number is the same. This is hardly a 
safe guide, however, for while the drawings are careful copies from Nature, they are 
not from the same egg^ and the cells are so wedged together that vertical sections in 
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diflferent planes would not intersect the same number in all cases, and there may have 
been two more in fig. 15 than in fig. 13. 

I think, then, that the facts indicate that c of fig. 11 is a yolk-pyramid, rather than 
a primary mesoblast, and that after it divides into two, as in fig. 13, each part gives 
rise to a central portion c, and a peripheral endoderm cell. 

If we accept this view and regard the cell c as a yolk-pyramid, two views as to the 
relationship between the egg of Liicifer and an ordinary Crustacean egg at once 
suggest themselves. 

We may hold that Lucifer presents the primitive or ancestral form of segmentation, 
of which centroJycethal segmentation is a secondary modification. In this case we may 
suppose that as the supply of food-material gradually increased, new food-bearing cells 
or yolk-pyramids were added until all the cells were included, and the segmentation 
cavity was entirely filled and obliterated by them. 

According to the other view, we may hold that the segmentation of the Liicifer egg 
is a secondary modification, which has been brought about by the gradual reduction of 
the amount of food-material, and its restriction, at last, to a single one of the cells of 
the segmenting egg. 

There does not seem to be much difficulty in deciding which of these views is most 
satisfactory and probable. Lucifer is undoubtedly a very primitive Malacostracan, but 
it can hardly be regarded as a primitive Crustacean ; and the occurrence of perfectly 
centrolycethic segmentation in the Copopods, Phyllopods, Amphipods, and Isopods, as 
well as in the Decapods — forms below as well as forms above Lucifer — forbids us to 
believe that the egg of Lucifer is ancesti'al, or the unmodified descendant of an ances- 
tral type of egg ; and we must therefore believe that the egg of Lucifer has been 
simplified by the loss of the greater part of its food-yolk. 

A change of this kind is not without a parallel, and I have shown (•' The 
Acquisition and Loss of a Food-Yolk in MoUuscan Eggs," * Studies from the 
Biological Laboratory of the Johns Hopkins University,' vol, i., part iv.) that the 
resemblance between the segmenting egg of the Oyster and a Molluscan egg with a 
food-yolk can only be explained by the supposition that the LameUibranchs have 
inherited a rudimentary food-yolk which was functional at some past time, and that 
the assumption gives an explanation of all the peculiarities of oyster segmentation. 

If we accept this view, and regard the egg of Lucifer as simplified by secondary 
change, it is extremely instructive to note that the loss of a food-yolk has brought it 
back to a type of segmentation which is directly comparable with that of ordinary 
Metazoan eggs, and we must therefore believe that a segmentation cavity is poten- 
tially present in all centrolycethic eggs, or else that the segmentation cavity of the 
egg of Lucifer is not homologous with that of ordinary eggs. 
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III.—General Account op the Metamorphosis of Lucifee. 

The most uistructive method of studying the metamorphosis of Lucifer is to trace 
each part of the hody through the series of changes which it undergoes from its first 
appearance until it assumes the adult form ; but as this method of comparing the 
successive stages in the development of each organ necessarily involves references to 
Other organs, it seems best to give first a general account of the whole stnid,ure of the 
larva at each stage of development, and afterwards to go over the same ground more 
rapidly in a difierent way, and to trace the history of each appendage. 

The egg NaupUus. 

About thirty hours after oviposition the eye spot and appendages of the Navplius 
became visible inside the egg-shell, as shown in a ventral view in Plate 2, fig. 21, 
and in a dorsal view in fig. 22. If the egg-shell is torn at this stage the embryo 
escapes, and swims about quite vigorously for a short time, but soon dies. The various 
parts of the body are much better shown in the swimming embryo than while it is 
contained in the egg, and I therefore give, for comparison with figs. 21 and 22, a 
dorsal view (fig. 23) and a ventral view (fig, 24) of an embryo which has thus been 
set free. 

Fig. 23 shows an embryo of exactly the same age as those in figs. 21 and 22, while 
fig. 24 was drawn from an embryo a few hours older. The difference in the outline of ■ 
the body is not due to this difierence in age, however, but to a slight change in the 
point of view. In all four figures the letter e marks the anterior end of the body, and 
fig. 22 is a view directly opposite to fig. 21. Fig. 23 la in the same position as fig. 22, 
but the embryo shown in fig. 24 was in such a position that more of the anterior 
surface and less of the posterior surface was visible than in the other figures. 

On the median line of the ventral surface the labrum (figs. 21 and 24, L) is very 
conspicuous at the anterior end of the body, and behmd it there is a double row of 
four pairs of bud-like eminences, arranged in a longitudinal series. The first pair 
(figs. 2 1 and 24, g) are much larger than the others, and the depression which separates 
them on the median line is less marked than it is in the three pairs which He behind. 
It is rather diflScult to decide with certaiuty what this pair of buds becomes, but in 
the larva which Metschnickoff studied the changes were more gradual than they 
are in Lucifer, and he was therefore able to trace their history more satisfactorily, 
and to show that they become the metastoma. Their position with reference to other 
parts indicates that they have the same history here, and that the other three pairs of 
buds are the first and second maxiUse and the fiiBt pair of maxiUipeds (Mx. 1, Mx. 2, 
and Mp. 1). 

Three pairs of much larger appendages are folded down on to the sides of the body, 
within the egg ; and when the embryo is set free tliey are seen to be the first antennee 
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(A), the second antennaB (An), and the mandibles {M). They are not divided into 
joints or rings, although the second antennae and the mandibles are biramous, and 
consist of a basal portion or protopodite, an expodite, and an endopodite. All three 
pairs have hairs projecting from their tips, and these lengthen considerably within a 
few minutes after the embryo is freed from the egg. The first antennae are nearly as 
long as the second, and both pairs, as well as the mandibles, are organs of locomotion, 
to row the animal through the water. The motions of the larva are very erratic and 
violent, and consist of a series of quick leaps produced by vigorous backward strokes 
of the appendages. 

The outline of the body will be understood by a reference to the figures. When 
the second maxillae are in the centre of the field of view, as in fig. 21, the outline is 
pear-shaped, with the broad end of the pear at the posterior end of the body ; but 
when the metastoma is in the centre this is reversed, and the broad end is in front. 
This diflference is due to the fact that the dorsal region is much wider than the labrum 
and series of buds, which together form a ridge along the ventral surface. 

In a dorsal view the simple eye (Oc) is seen as a black spot on the middle line, near 
the anterior end of the body. It did not show any traces of a division into halves at 
any stage of development which was observed. 

The ocellus lies upon a large rounded granular body, which is imperfectly divided 
into halves by a notch upon its posterior margin. This body consists of the fused 
cerebral ganglia. 

The dorsal portion of the posterior region of the body is swollen and rounded, as 
shown in figs. 21 and 23 ; and near its lateral margins there are a pair of small, but 
very conspicuous, dark pigment-spots (i), which might easily be mistaken at this stage 
for ocelli, since they have almost exactly the same size and colour. These two pigment- 
spots are very conspicuous during all the early stages of the metamorphosis, and their 
position during the later stages (figs. 25, 26, 27, 34, 35, and 47, p) shows that the 
portion of the Nauplius body which bears them becomes the thoracic, not the abdominal, 
region of the adult. 

In the interior of the enlarged posterior portion of the body there is a huge mass of 
polygonal highly-refractive bodies, which appear to constitute a food-yolk, and which 
surround the digestive tract of the embryo. I have already given my reasons for 
believing that those bodies are derived from the spherule which becomes pushed into 
the segmentation cavity during the early stages of development. If this is their 
origin they must increase in size between the stage shown in fig. 20 and that shown 
in fig. 21. This is not at all an unusual occurrence, and in the fresh -water Pulmonates 
the yolk-spherules which surround the digestive tract continue to grow until a very 
advanced stage of development. I found so few eggs at this stage that I was afraid 
to sacrifice any of them by attempting to study their internal structure under pressure, 
and I am not able to give an accoimt of the digestive tiact or of the other internal 
organs. 

MDCCCLXXXII. L 
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When the embryo is set free from the egg it is seen to be inclosed by a delicate 
cuticle, which is shown, around the antennae, in figs. 23 and 24. It is soon stripped 
off by the vigorous movements of the larva, and in fig. 24 it has been torn from all 
the appendages except the first antennae {A). 

In a dorsal view a number of muscular fibres are seen to extend outwards and 
forwards from the median line of the body to the basal joints of the antennae. 

The posterior end of the body is not notched, the anus is absent, and there is no 
trace of the telson or of the carapace. 

The first free Nauplius stage. 

About thirty-six hours after oviposition the larva escapes from the egg as a Nauplius^ 
X([)\ro ii^ch long, which is shown in side view in Plate 3, fig. 25. There is now no 
difficulty in keeping it aUve and rearing it, and it swims very actively by vigorous 
strokes of its two pairs of antennae. Its movements are very characteristic, and much 
like those of a Copepod or Cirrhiped Nauplius. 

The most important differences between it and the egg Nauplius are the segmenta- 
tion of the locomotor appendages, the lengthening of their hairs, the increased size 
and dendritic form of the pigment-spots (p), and the appearance of the telson (7Y), as 
a projecting fold furnished with two pairs of short spines or hairs, in the ventral 
surface of the posterior end of the body. 

As regards the more minute structure of the appendages, the first antennae (fig. 25, A) 
are five jointed, and the hairs, which are more than half as long as the limb, are 
borne on the terminal joint. 

The second antenna consists of a two-jointed basal portion or protopodite which 
carries two rami, one of which (fig. 25 ex), is obscurely divided into three nearly equal 
joints, while the other (fig. 25, en), is divided into eight very distinctly marked joints. 
Both at this stage and later the appendage possesses considerable power of rotation, 
and sometimes the branch ex, and sometimes the branch en, is on the outer sur£tce. 
It is therefore very difficult to decide from an examination of this appendage alone 
which branch is the exopodite and which the endopodite ; but, as I shall show further 
on, a comparison with other appendages at a later stage indicates that the eight- 
jointed ramus is the endopodite, although the limb is frequently, and perhaps 
generally, carried in a position which brings this branch on to the outside. At this 
stage the locomotor hairs of both branches are confined to the tips of the terminal 
joints. The first and second joints of the endopodite are quite short, while the other 
six are longer and nearly equal in length. 

The mandible consists of a short unjointed baaal segment, which caxries a one- 
jointed endopodite, and an obscurely three-jointed exopodite. Each branch carries 
three hairs, which are somewhat longer than the limb, and the entire length of the 
appendage, including the hairs, is about equal to the length of the first or second 
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antenna, without its hairs. There are no cutting blades or hooks upon the basal 
joints of either pair of antennae or the mandibles. 

The labrum (L) is somewhat larger and more prominent than it was at the stage 
before, and the anus is still absent. 

The second free Nauplius stage or Twe^a-Nauplius. 

In about twelve or fourteen hours the Nauplius sheds its skin and assumes the 
form shown in Plate 3, fig. 26. From the prominence of the region of the hind body, 
and the presence of a carapace, Claus has distinguished this stage of development, in 
allied forms, by the name of metBL-Naupliu^. 

I did not actually witness the change, and am not sure of the exact length of the 
fii-st free Nauplius stage, but it is not more than eighteen, and probably no more than 
twelve hours long. A Nauplius which had hatched from the egg some time during 
the latter part of Monday night was placed, alone, in a watch-glass of sea-water, and 
changed into the one from which fig. 26 was drawn before 9 p.m. on Tuesday evening. 

The differences between this and the preceding stage are sufficiently great to 
attract the attention at first sight. The length, as measured from the ocellus to the 
posterior end of the body, has increased from xoVo ^^ to t^ o inch. The labrum (Z) 
is longer and more prominent. The first antennae {A) are unjointed, and the joints of 
the second antennae {An) and mandibles {M) are almost absent. 

The hairs at the tips of the endopodites of the second antennae and mandibles {en) 
are irregularly plumose, and a long slender slightly curvefd hair is carried by each of 
the larger joints of the endopodite of the second antennae. 

On the inner posterior edge of the basal joint of the mandible, a short stout curved 
hook or blade has made its appearance. The four pairs of buds on the ventral surface, 
posterior to the labrum, are in the same condition as before, but the telson (T) is quite 
prominent, notched or forked, and furnished with two pairs of short stout spines, the 
inner pair being much longer than the outer. A well-marked fold (c) of the surface 
of the body now marks the posterior and the lateral edges of the carapace, but this 
line is not continued on to the anterior end of the body, and the posterior edge is not 
yet raised or separated from the hind body as it is, according to Metschinckoff, in 
the last Nauplitis stage of Euphausia. 

The pigment-spots (p) are dmwn out in such a way as to surround a large rectan- 
gular area, at the posterior end of the carapace, and in the region where the heart 
is placed at the next stage. 

The digestive tract is now visible in a side view. The oesophagus (ai) runs upwards 
and forwards from the mouth, situated under the overhanging tip of the labrum, and 
then bends backwards and upwards to open into the floor of the stomach {s) ; the side 
walls and top of the stomach could be made out without difficulty, but I was not able 
to decide whether its ventral wall is complete or not. It is divided by a fold or flap 
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in its dorsal wall into a small rounded anterior chamber, into which the oesophagus 
opens, and a longer posterior chamber, with its dorsal wall very thick, which gives 
rise at its posterior end to the intestine (i). The greater part of the anterior chamber 
lies in front of the oesophageal opening. On each side of the stomach there is a group 
of polygonal yolk-cells (/), which are by no means as conspicuous as they were at an 
earlier stage. The intestine is small, with thin walls, and it follows the dorsal curva- 
ture of the body to the anus, which was visible in a ventral view just in front of the 
spines of the telson, at the point marked (a) in fig. 26. The cerebral ganglia (^ci), 
and the ocellus {oc)y are still visible, and underneath the stomach there is an elongated 
granular body (n), obscurely divided into segments, which is, without doubt, the rudi- 
mentary ventral nervous system. 

As it was necessary to keep this larva alive I did not dare to use much pressure 
whilst examining it, and was therefore unable to make a very thorough study of its 
internal structure. 

The first Protozoea stage. 

On Tuesday evening, September 28th, at 9.30 p.m., the Nauplius which has just 
been described was placed alone in a watch-glass of sea-water, and at 9 a.m. on 
Wednesday, the 29th, it had changed into the larva which is shown in dorsal view in 
Plate 3, fig. 27. The number of segments and appendages of this larva and its 
general form and proportions are Uke those of the Euphausia, Peiiwus, and Sergestes 
larvsB at the stage of [development which Glaus has proposed to call a Protozoea 
(^Crustacean System,' p. 2). The precise time when the change took place could not be 
learned, but there is reason to believe that it was not much later than the middle of 
the night. On September 1 4th I obtained, by dipping with a surface-net, a Protozoea, 
which I studied and drew. It was of exactly the same size (xo8 o^ ^^ ^^ ^^^^ measured 
from the tip of the rostrum to the bases of the spines of the telson) as the one which 
moulted from the NaupliuSy and it agreed with this in every respect except that the 
free segments of the hind body, shown in fig. 27, were wanting. It hardly seems 
probable that there are two stages of exactly the same size between 9.30 p.m. 
and 9 A.M., and it is much more probable that the body segments do not become 
distinct until some time after the moult, and as the larva had them at 9 a.m., I infer 
that it was nearer the end than the beginning of the first Protozoea stage, and that 
the change had taken place some hours before I examined it. 

Glaus is inclined to believe that the difference between Fritz Muller's last figure 
of the Nauplius of Penceus and his first figure of the Protozoea is so great that there must 
be a gap in the series of observations. The isolated Nauplim of Lucifer passes through 
quite as great a change in twelve hours, and its length increases from two ^^ Tooo> 
or more than 100 per cent., and there does not seem to be any necessity for supposing 
that Fritz Mitller has missed a stage in order to account for the change in his 
larva. 
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In the case of Litcifei' the actual increase in size is not very great, but the carapace 
becomes folded out over the body, and th^ thick posterior portion of the body of the 
Nauplius becomes pulled out into the long free movable hind body of the Protozoea, so 
that the length is more than doubled, while the vertical thickness of the body is 
correspondingly reduced. The shape of the larva when seen from one side will 
be understood by a reference to Plate 4, fig. 35, for although this figure was drawn 
from an older larva, it correctly represents a side view of fig. 27 in all essentials. 

The most marked differences between the metSi-NaupUus oi Lucifer and the Protozoea 
are due to the development of the carapace and the hind body. The carapace 
(fig. 27) is horse-shoe shaped, with smooth lateral and posterior edges, and it forms 
about one-half of the total length of the body. On the median line of the anterior 
edge it is drawn out into a long rostrum (-R), at the base of which are the cerebral 
ganglia {ga) and the ocellus {Oc). On the median line of the posterior edge of 
the dorsal surface there is a shorter dorsal spine {ds), and at the outer angles of 
the posterior edge a pair of lateral spines (Zs), which are a little longer than the dorsal 
one. The side view (fig. 35) shows that the sides of the carapace have folded 
down on to the sides of the body, and all the appendages, except the antennsB, 
are almost completely covered by it. The appendages are so nearly alike in this and 
the next stage that it will be most convenient to describe them together. 

The stomach {s) is now divided into a pair of anterior or cephalic, and a pair 
of posterior or hepatic lobes, and between the cephalic lobes a number of muscular 
fibres run upwards and forwards from the oesophagus to be attached (at m) to the 
carapace. The intestine is small and straight (i), but it is not of uniform character, 
and is divided into a series of small enlargements separated from each other by 
constricted portions. 

The last of these enlargements is much more constant than the others, and its walls 
are attached to the integument of the abdomen by a number of small muscles. 

It exhibits regular pulsations, which seem to draw water into and out of the anus 
(a), which is on the ventral surface of the telson. 

The heart {h) is compact, short, situated near the posterior edge of the carapace, 
and it gives rise to a single median and two lateral anterior arteries. 

The hind body is about as long as the carapace, and it is divided into four somites 
and a long imsegmented region {ahd). The study of the appendages shows that the 
four somites are those which carry the third pair of maxillipeds {Mp. 3), and the first, 
second, and third thoracic somites ( jT 1 , jT 2, and T 3). There are no traces of appendages 
on any of them. The end of the unsegmented region of the hind body forms a well- 
marked flattened telson {T), which is slightly notched on the median line, and carries 
four pairs of stout spines, and one pair of very small ones. The small ones are nearest 
the median line ; the third pair are the longest and largest, and the fifth pair spring 
from the edges of the telson, some distance from the end. 
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The second Protozoea stage. 

As my season's work at the sea-shore ended the day the Nauplius shown in fig. 26 
turned into the Protozoea shown in fig. 27, I was not able to trace the development 
of that specimen ; but on September 1 4th I had captured and drawn a larva in the 
same stage, and this moulted, while isolated in a watch-glass, into the second 
Protozoea which is shown from above in Plate 3, fig. 34, and from the right side in 
Plate 4, fig. 35. 

This larva measures xoo o i^^h from the tip of the rostrum to the fork of the telson. 
The appendages are like those of the first Zoikt in number and structure, but there is 
a well-marked difierence in the shape of the body. The carapace is somewhat 
elongated, its anterior edge is less perfectly roimded than before, and a pigment-spot 
(fig. 34, E) represents the future compound eye. 

The pouches of the stomach (s) are much more conspicuous than before, and the 
oesophagus (fig. 34, ce) is visible in a dorsal view, between its anterior or cephalic 
lobes. The four somites of the hind body (Mp. 3, T 1,T2, and T 3) have become short, 
but there is, as yet, no trace of their appendages. The unsegmented portion of the 
abdomen {abd) has increased in length, as have also the spines of the telson (T). The 
two pairs of antennae have substantially the same form that they had during the 
Nauplius stage, and they are still the chief locomotor organs. The larva swims by 
jerks like a Nauplius or a Copepod. 

The appendages at this as well as at the preceding stage are as follows (see Plate 4, 
fig. 35) : the long uniramous first antennae {A) ; the biramous second antennae {A7u); 
the cutting mandibles {M); the biramous first and second maxillae {Mx. 1, Mx. 2) ; and 
two pairs of biramous maxillipeds {Mp. 1, Mp. 2). 

The first antennae consist at both stages (figs. 27, 34, and 35, A) of a long 
cylindrical basal joint which carries a few short hairs, and a short pointed terminal 
joint or flagellum, which ends in two long rather thick sensory hairs. 

The second antennae (figs. 27, 34, and 35, An ; and fig. 36) are the chief locomotor 
organs, and are made up of a short stout two-jointed basal portion, a longer unjointed 
exopodite (ex), with four long terminal swimming hairs, and a longer endopodite (en), 
which is made up of two short proximal rings, and a series of six longer joints, each 
of which carries one, and the terminal one four, long slender swimming hairs. 

Underneath the rostrum (fig. 35, R) there is a little elevation upon which the ocellus 
(Oc) is situated. 

The labrum (fig. 35, L) has been carried on to the ventral surface of the body, and 
its anterior angle has become produced into a short stout, sharp spine, which is 
extremely small during the first Protozoea stage. 

As has been stated, the compound eye is represented at the second stage by a 
pigment-spot (fig. 35, E). 

The mandibles (JSf), (figs. 27, 34, 35), have become reduced to cutting blades, which 
are visible in a dorsal view, and all traces of the Nauplius limb have disappeared. 
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During the first Protozoea stage (Plate 3, figs. 28 and 29) it has only one denticle, 
which is large and pointed, and situated at the posterior angle of the cutting edge ; but 
at the second Protozoea stage (Plate 4, fig. 37) a number of smaller denticles have 
appeared in front of the long one. The mandibles are never quite symmetrical, but 
the outline of the left always differs a little from that of the right. 

The external surface of the first maxilla of the first Protozoea is shown in fig. 30, 
and the posterior surface of that of the second Protozoea in Plate 4, fig. 38. It 
consists, at both stages, of a basal portion made up of two joints with cutting hairs 
(fig. 38, 1 and a) ; a two-jointed endopodite (e/i), with three long slender hairs ; and an 
exopodite or scaphogiiathite (figs. 30 and 38 sc), with three long slender hairs. In 
the first stage (fig. 30) the hairs of the scaphognathite are simple, but in the second 
stage (fig. 38) they are plumose. 

The posterior siuface of the second maxilla of the first Pivtozoea is shown in Plate 
3, fig. 31, and that of the second Protozoea in Plate 4, fig. 39. It consists of a 
many-jointed basal portion (6), a two-jointed endopodite {en), and a scaphognathite or 
exopodite (sc). The whole inner edge of the appendage carries short stout hairs ; the 
tip of the endopodite a few somewhat longer hairs ; and the scaphognathite three 
slender plumose hairs, which are much longer in the second than in the first stage. 

The first maxilliped (figs. 32 and 40) is very similar to the second antenna, and 
consists of a two-jointed basal portion, a four-jointed endopodite, and an unjointed 
exopodite. The inner edge is set with short stout hairs, which are simple in the 
first, but irregularly plumose in the second Protozoea stage. The terminal joint of the 
endopodite' carries four long slender simple hairs, and the tip of the exopodite four 
long straight slender hairs, which are plain in the first but regularly plumose in the 
second stage. 

The second maxilliped of the first Protozoea is shown in fig. 33, and that of the 
second Protozoea in fig. 41. It is essentially like the first maxiUiped in structure, but 
much smaller, and apparently of little functional importance. 

In the second stage there is a small convoluted shell gland (fig. 35, sg), which 
appears to open at the base of the first maxilla; but the constant and violent 
movements of the limbs render it difficult to decide with confidence exactly what its 
relation to them is, and it is possible that its opening is upon the base of the second 
instead of first maxilla. 

In the second Protozoea stage the two pigment-spots {p) on the carapace become 
extremely dendritic, and a pair of anal pigment-spots (Plate 3, fig. 34, pp) make 
their appearance on the telson on each side of the anus. 

At this stage the area, when the oesophageal muscles are attached to the carapace, 
is somewhat peculiarly marked by six little circles arranged in a pentagon, as shown, 
highly magnified, in fig. 35a. 
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The last Protozoea stage (Erichtliina). 

The change from the last stage to the next one in the series was actually observed 
in several specimens, and more than fifty larvae passed through it in the laboratory. 

After the moult the larva, which is shown from the ventral surface in Plate 4, 
fig. 42, and in outline in fig. '42a, has the characteristics of Dana's genus Erichthina. 

Its length, from the tip of the rostrum to the end of the telson, has increased 
to about To 00 ii^ch, and most of the increase is in the hind body. The carapace also 
is somewhat elongated (it was a little flattened by pressure in the specimen which 
was drawn), and the outline of the anterior edge is no longer regularly curved. 
At the base of the rostrum there is a slight eminence where the integument is pushed 
out a little by the optic ganglion, and at the outer angle there is a much larger 
eminence which is the rudimentary cornea of the compoimd eye. The eye itself is 
now represented by a large conspicuous pigment-spot (fig. 42a, E). 

The appendages have undergone extremely little change, and they are, as before, as 
follows : the first antennae {A), the second antennae (-4n), the mandibles (-3f), the two 
pairs of maxillae {Mx. 1 and Mx. 2), and two pairs of maxillipeds {Mp. 1 and Mp. 2). 
The second antennae are still the chief organs of locomotion. 

The hind body is much longer than it was at the stage before, and it is now some- 
what longer than the carapace. It now consists of nine free segments and an unseg- 
mented portion {A 5, 6). The first of the free segments (fig. 42, Mp. 3) is much 
narrower than any of the others, and its outer edges are marked by enlargements 
which appear to be the rudimentary appendage, the third pair of maxillipeds. None 
of the segments which follow it show a trace of the appendages, and the thoracic 
and abdominal gangUa* are not yet visible. 

The four segments which follow next after the one with the bud-like processes have 
rounded posterior edges, while the posterior edges of the next four are pointed. The 
later history seems to show clearly that those with roimded edges are the first, second, 
third, and fourth thoracic somites, and that the following ones are the first, second, 
third, and fourth abdominal somites. It will be seen, then, by a comparison of this 
with the earlier and later stages, that the somites of the body are aU developed in 
regular order, from in front backwards, but that the first abdominal somite follows 
immediately after the fourth thoracic, while the fifth thoracic is never developed. At 
this stage the long unsegmented region {A 5, 6), represents the fifth and sixth abdominal 
segments and the telson. The two anal pigment-spots are larger than they were 
during the stage before, and from this time to maturity their colour is a dirty reddish- 
brown instead of black. 

The " Zoea" stu^ge (Elaphocaris stage of Sergestes.) 

After the next moult, which was observed in a great number of specimens, the 
larva passes into a stage which is directly comparable, so far as the appendages are 
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concerned, with the Elaplwcans stage of Sergestes, although the most conspicuoiis 
features of the Elaphocaris larva, the long compound spines, are not present in I/acifer. 
It is now about tMo^ i^^h long, and it is shown in a dorsal view in Plate 5, fig. .44, 
and, more highly magnified, from below in Plate 4, fig. 43. In a side view (fig. 45) 
it still agrees pretty] closely with fig. 35 ; its body is carried in the same attitude, 
and the antennas are still the chief organs of locomotion. The fully-developed 
appendages are, as before, the first and second antennae, the mandibles, two pairs of 
maxillae, and the first and second pairs of maxillipeds, but the third pair of maxillipeds, 
four pairs of thoracic appendages, and the swimmerets or appendages of the sixth 
abdominal somite are now present as rudimentaiy buds. 

The compound eye (figs. 43 and 45, E) is now well advanced in development, although 
there is as yet no trace of a stalk, and the cornea is simply a modified portion of the 
integument of the carapace. 

The carapace is longer, narrower, and more rectangular in a dorsal view than it was 
at the last stage, and it makes only about one-third of the total length of the body of 
the larva. Its pigment-spots are very large, dendritic, and conspicuous, but their 
colour has changed from black to dark reddish-brown. 

The anterior lobes of the stomach (fig. 44, s) have lengthened and approached each 
other on the median line, and they now reach forwards nearly to the optic ganglia. 

The appendages which were present during the Protozoea stage have essentially 
the same structure now, and the differences are very slight. The number of cutting 
hairs on the basal joints of the first maxilla (fig. 46) has increased ; the hairs on 
its endopodite are plumose, and one of those carried by the scaphognathite is much 
longer than the other two. This is the case also with the second maxilla (fig. 47), 
and the hairs along its inner edge have become almost as long and slender as those at 
its tip. The first maxilliped (fig. 48) is almost exactly like that of the Protozoea; 
but the second (fig. 49) is much more developed, and the hairs on its exopodite are 
plumose. 

The hind body is now divided into its full number of segments ; that of the third 
pair of maxillipeds {Mp. 3) ; the first, second, third, and fourth thoracic somites {T 1, 
T2y T3, and T 4); and the six abdominal somites, but the telson (T) is not yet com- 
pletely distinct from the last abdominal somite. The thoracic somites are shortened 
and crowded together, and each of them carries a pair of bilobed buds, the rudi- 
mentary thoracic appendages. These buds are crowded together in a double row on 
the median line of the ventral surface of the body, and outside them is a pair of 
much larger buds (figs. 43 and 45, Mp. 3), bilobed also, but pointing backwards; the 
rudimentary third pair of maxillipeds. 

The future histoiy of the larva seems to show conclusively that the inner set of 
buds are, as indicated in fig. 43, the first four pairs of thoracic limbs or pereiopods. 
The side view (Plate 5, fig. 45) shows that there is no other pair in front of or 
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behind them, and the fifth thoraxjic somite is entirely wanting, nor are its appendages 
present at any stage in the development of Lucifer, 

The abdomen is much longer than it was at the last stage, and all its segments 
(fig. 43, -4 1, -4 6) are present, although the last one {A 6) and the telson {T) are not yet 
entirely separated. 

The ventral surface of the sixth abdominal somite is armed with a pair of long 
stout spines over the base of the swimmeret, or sixth abdominal appendage, which 
is shown in fig. 43 as a long, bilobed pouch or bud, which reaches nearly to the tip 
of the telson. The third, fourth, and fifth abdominal somites carry, close to the anterior 
edge of the ventral surface, irregular groups of reddish-brown pigment -spots, which 
do not seem to be present in all specimens. The thoracic spots (fig. 44) and the 
anal spots (fig. 45) are usually a little more red than before, but they are nearly 
black in some specimens. The abdominal ganglia, which could not be distinctly made 
out in the last Protozoea, are now very conspicuous, as shown in the ventral view 
(fig. 43). They lie near the posterior edges of the somites, and their halves are 
united in the median line, although the commissures between the ganglia are quite 
widely separated. 

The spines on the telson have lengthened, but their number, arrangement, and 
relative size is the same as before. Their proximal ends from the base about half-way 
to the tip are marked by fine serrations, which appear to be short hairs, which have 
not been perfectly extended. 

« 

ScMzopod or Sceletina stage (Acanthosoma of Sergestes). 

Up to this time the mode of locomotion has been by means of short, jerking Naujh 
litis leaps, and the two pairs of antennae have been, as they were when the larva left 
the egg, the chief organs of locomotion. The structure of these appendages has 
remained extremely constant through all the moults, but they now change their 
character entirely, and lose their locomotor function. 

The change which is undergone by the larva at the end of the Zoea series is very 
much greater than it has been at any preceding moult, except that between the Naup- 
lius and the first Protozoeciy and in some respects it is even greater than it was at that 
time. After the moult it is a Schizopod (Plate 6, fig. 50), about jooo ^^^ long, 
with seven pairs of long jointed biramous swimming feet, fringed with long slender 
hairs. The swimmerets are also present as functional appendages, with long fringing 
hairs. 

This stage differs from those which have gone before in this, that it persists with 
slight change for several moidts, while there has been considerable change at each of 
the preceding moults. It is shown from below in fig. 50, as it appears immediately 
after the moult which follows the stage shown in fig. 43. 

The figure was drawn from a Zoea which was captured at the surface of the ocean. 
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carefully examined and compared with fig. 43, and found to agree with it exactly. 
It was then placed alone in a small beaker of sea-water. The next day it was found 
to be moulting, and the drawing (fig. 50) was made from it immediately after the 
completion of the moult. Other specimens, like fig. 50, were kept untU they changed 
their skins, and assumed a form a Uttle larger than fig. 50, but similar to it in all 
respects except that the abdominal appendages were now present as small buds. 
Some of these were kept until they changed into larva) like the one which is shown, 
less highly magnified, from the side, in fig. 54. The abdominal appendages were now 
quite long, but still rudimentary, and the general form of the larva from above or 
below, as well as the form, number, and arrangement of the thoracic appendages and 
mouth parts, was like fig. 50. 

When seen from above or below (fig. 50) the carapace has nearly the same shape 
that it had during the Zoea stages, but it now makes less than one-third of the 
total length of the body, and a side view (fig. 54) shows that it is now only a little 
deeper than the body, so that the basal joints of the thoracic limbs and maxillipeds 
are exposed below its inferior border. The posterior dorsal spine and the two postero- 
lateral spines have disappeared, and a pair of long antero-lateral spines (fig. 54, «), 
nearly half as long as the rostrum, have made their appearance underneath the eyes. 
The rostrum (fig. 50, R) has the same shape and about the same relative length as 
before, and the ocellus (Oc) is still present at its base. 

The compound eye (E) is mounted upon a movable stalk, which is quite short during 
the first Schizopod stage, but it soon lengthens, as shown in fig. 55, which is a dorsal 
view of the anterior end of the carapace of the larvsB shown in fig. 54. 

The first antenna has undergone more change at this than at all the previous 
moults together. It is now about as long as the carapace, and each of the two long 
cylindrical joints (fig. 50), which make up its basal portion, carries on its inner edge 
three long slender two-jointed delicately plumose hairs. The base of the proximal 
joint is swollen and carries a small hook-like process on its inner edge. The two 
long sensory hairs have disappeared from the tip, which is unsegmented, pointed, and 
ends in a bimch of short hairs. This appendage changes slightly with each moult, 
and in the third Schizopod stage (fig. 54) the distal half of the proximal joint (fig. 56) 
has separated from the proximal joint, so that the shaft is made up of three instead 
of two portions. The hook is still present on the swollen base of the first joint, and 
behind it the otocyst (e) has made its appearance. The terminal joint or flagellum has 
now lengthened, and it carries three long sensory hairs which spring from about the 
middle of its outer surface. 

The changes which the second pair of antennae undergo at this moult are even 
greater than those which take place in the first pair. Their locomotor function is 
lost ; the long swimming hairs have disappeared ; and in the first Schizopod stage 
(fig. 50) the appendage is quite rudimentary, unjointed, less than one-half as long as 
the first antenna, and divided into an exopodite and an endopodite which are nearly 
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equal in length, although even at this stage the endopodite is a little the longest. 
Each ramus ends with a pair of very short hairs. 

The appendage now changes with each moult, and in the third Schizopod stage 
(fig. 54) the exopodite has become a scale (fig. 57, ex) while the endopodite (en) has 
elongated, and now forms a seven-jointed flagellum, about as long as the first 
antennaB or the carapace. The basal joint (fig. 57, 6) is thick and swollen, the two 
proximal joints of the flagellum (2 and 3) are short ; the next (4) long, and the other 
four about equal in length, and about half as long as the joint (4). 

Through all the Schizopod stages the structure of the labrum (X) is about as it was 
in the Protozo'ea and Zo'ea^ and its interior angle is still produced into a short stout 
sharp spine. 

The mandibles are cutting jaws with no trace of a palpus, and at the first Schizopod 
stage (fig. 51) the denticles are numerous and of nearly uniform size. In the last 
Schizopod stage (fig. 58) a second set of denticles has appeared on the outer surface 
of the blade a short distance from the cutting edge. 

The first maxilla (fig. 52) is very much like that of the Protozoea and Zoea, but the 
cutting hairs upon the two basal joints (1 and 2) are more numerous, and a small 
slender plumose hair has appeared near the edge of each joint. The scaphognathite 
is small and has only two hairs, which are less regularly plumose than before. 

The scaphognathite of the second maxilla (fig. 53, sc) is now rudimentary and has 
no hairs. The hairs on the inner edge of the appendage are shorter than they were 
during the Zoea stage, and all of them are plumose and about equal in length. 

The first maxilliped (fig. 50, Mp. I) has not changed very much, although its joints 
are nearly absent. The exopodite is about as long as the endopodite, and all the hairs 
on the appendage are short and plumose. 

The second and third maxillipeds and the four pairs of thoracic appendages are well 
developed, as a series of long biramous or Schizopod feet, which are essentially alike in 
form and structure, and, with the telson and swimmerets, now form the locomotor 
apparatus of the larva, which no longer swims by jerks but darts through the water 
with great rapidity, and is able to offer considerable resistance to the suction of a 
dipping tube. Each swimming foot consists of a two-jointed basal portion or protopo- 
dite, a long four-jointed endopodite, and a much shorter exopodite. The exopodite is 
flat, pointed, and its outer or distal half is marked by a series of six pairs of notches, 
or annulations, close together. The terminal joint carries a pair of long slender 
unplumose hairs, and a pair of similar hairs springs from each annulation, so that there 
are fourteen hairs in all on each exopodite, arranged so as to form a large fan -shaped 
paddle at the tip of the limb. The terminal joint of the endopodite is much shorter 
than the others, and it carries six long plumose hairs. The first appendage in this 
series, the second maxilliped (fig. 59, Mp. 2), is somewhat rudimentary: the endopodite 
is scarcely longer than the exopodite, and its hairs are short. The next or third 
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maxilliped {Mp. 3) is more like those which follow, but its hairs are shorter. The 
first, second, and third pereiopods are about equal in length, and they have the typical 
structure which has just been described ; but the endopodite of the fourth {Pr. 4), 
like that of the second maxilliped, is shorter than the exopodite, although its hairs are 
very long. 

At the last Schizopod stage (fig. 54) the series of limbs, shown from above in 
fig. 59, is about as it is in the first stage, but the hairs on the endopodites of all the 
appendages, except the last, are short. A comparison of one of these appendages 
with the second antenna of the Nauplius or Protozoea or Zoea shows great similarity, 
and I am therefore disposed to beHeve that the long jointed ramus of the antenna is 
homologous with the long ramus of the thoracic limb, and consequently the 
endopodite. 

The abdomen is very much longer in proportion to the carapace than it was at the 
^^ Zoea" stage, and a comparison of figs. 50 and 54 with fig. 43 will show that it has 
become flattened firom side to side, while its vertical thickness has greatly increased. 
All six somites are distinct, but at the first Schizopod stage there are no traces of any 
abdominal feet except the swimmerets, which are large and perfect. In the second 
Schizopod stage the first five pairs of pleopods are represented by short buds, and in 
the last Schizopod stage (fig. 54) they have nearly or quite their full size, but are still 
rudimentary. 

The posterior edge of the ventral surface of each abdominal somite carries a couple 
of spines (fig. 50) pointing backwards. They are small on all the somites except the 
last, and they appear to correspond to those which, from their great size, have given the 
name Acanthosoma to the larva of Seiyestes at the same stage of development. The 
sixth abdominal somite also has a small median dorsal spine. 

The telson (^ is movable, greatly elongated, three times as long as wide, and its 
spines have become very small, although in number, arrangement, and relative size 
they agree with those of the Zoea and Protozoea. 

The sixth pleopod or swimmeret consists of a short thick basal joint, a long flat 
exopodite which is serrated along its inner edge and free extremity, but smooth 
along its outer edge ; and a flat endopodite serrated on both sides. Each serration 
carries a long slightly curved plumose hair, and the outer edge of the exopodite has a 
small tooth at its outer end. From the base to the tooth the outer border is nearly 
straight and parallel to the inner border, but the end of the appendage is prolonged 
into a rounded tip which reaches beyond the tooth. In the first Schizopod stage there 
are eight hairs on the inner border and four on the end of the exopodite, or twelve in 
all ; and there are eight hairs on the endopodites, but the number of serrations and 
hairs increases rapidly with each moult, on each division of the limb, and they are 
much more numerous in the last Schizopod stage, as shown in fig. 54. 

A large reddish-brown pigment-spot (fig. 54, jp) has now appeared on each side of 
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the fourth abdominal segment, and the anal spots are large, with a dull red tinge. 
The spots on the carapace disappear at the end of the Zo'ea series. 

The Mastigopus stage. 

After the next moult the larva (Plate 7, fig. 60) assumes a form which is essentially 
like that of the adult, but with numerous slight differences, the most important of 
which are the shortness of the flagellum of the first antenna and the absence of 
the neck or elongation of the carapace. In these respects, as well as in the number, 
character, and relative size of the appendages, it now agrees very closely with the young 
Sergestes or Mastigopus, 

The size of the thorax is reduced, while the abdomen has grown larger and longer. 
The exopodites of the maxillipeds and first three pairs of pereiopods have disappeared, 
together with every trace of the fourth pereiopod. The abdominal appendages are 
perfect ; the first is made up of an elongated basal joint, which carries a single terminal 
branch of about the same length as the basal joint, but pointed and finnged with long 
slender swimming hairs. The four appendages which follow are each furnished with 
two terminal branches instead of one, but are similar in other respects. The larva now 
sheds its skin several times, and grows with each moult ; but the process of change 
into the adult is, with the exception of the elongation to form the neck, simply a 
process of growth, as the appendages and somites all have essentially their adult 
character. 

A larva about one-fifth of an inch long, two moults after the last Schizopod stage, is 
shown from the side, magnified about fifty diameters, in Plate 7, fig. 60. The first 
antenna (A) is a little more than twice as long as the eye-stalk, and consists of a stout 
three-jointed basal portion, which forms about two-thirds of the total length of the 
appendage, and a short, thin, two-jointed flagellum. The scale (ex) of the second 
antenna is only a little longer than the eye, while the flagellum (en) is more than half 
as long as the body of the animal, measured from rostrum to telson, and is made up of 
thirteen small joints and two thicker basal joints. 

The carapace has elongated considerably, and the neck (n) makes nearly half its 
length. The anterior end of the carapace has a dorsal rostrum (/2), two much shorter 
lateral spines (Zs), and a very small spine on each side close to the anterior edge and 
about half way between the rostrum and the lateral spine. The cephalic lobes of the 
stomach extend into the neck, and reach nearly to the basis of the eyenstalks. The 
coiled antennal gland {g) has made its appearance. The carapace proper (c) has a pair 
of anterior spines, but none on its posterior margin. The labrum {L) has a mudd 
greater relative size than it had during the Schizopod stages, but its spine disappears 
at the end of the last Schizopod stage. The mouth parts and thoracic limbs have 
their adult character, and will be noticed at length in the description of the adult. 
A reddish-brown pigment-spot has now appeared between the bases of the eye-stalks ; 
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another at the base of the telson ; and the dorsal surfaces of the fifth, fourth, and 
sometimes the third abdominal somites are irregularly marked, near their posterior 
edges, by patches of the same colour. The anal pigment-spots are of a dirty red 
colour. 

The Lucifer stage. 

The specimen from which fig. 6 1 was drawn was a little more than half an inch long, 
or about half as large as an adult specimen. It differs in several particulars, besides 
size, from an adult male, but in all respects except size and the presence of reproduc- 
tive organs it is exactly like a mature female. Its appendages are like those which 
are shown in figs. 63 to 70, although these were drawn from an adult female specimen. 

The adult structure of our American species has been described by Faxon (* Studies 
from the Biological Laboratory of the Johns Hopkins University,' vol. i., part iii.) ; 
but -as he had only a single male specimen, which had been preserved in alcohol, his 
accoimt was necessarily somewhat incomplete. 

The first antenna (Plate 7, fig. 61, and Plate 8, fig. 66, A) is about as long as the 
carapace and neck, and it is divided into two nearly equal portions, the base (fig. 66, i) 
and the fiagellum (fig. 66, a). The base is divided into three joints, the first about as 
long or a little longer than the eye, the second much shorter, and the third still 
shorter. The large ear occupies the centre of the proximal end of the first joint. On 
the outer end of the first joint and on the second there is a row of six short, equal, 
plumose hairs, three on each joint. The fiagellum is made up of ten joints ; the first 
and second are thicker than the others, and the first carries two and the second three 
sensory hairs. The terminal joint of the fiagellum is much longer than the other, and 
carrieB a few very short hairs at its tip. 

The second antenna (figs. 61 and 66, An) is, in the fully -grown specimen, almost 
twice as long as the first, and nearly or quite aa long as the body. It consists of a 
very short basal joint (fig. 66, s), which carries the scale [ex) and the fiagellum {en). 
The scale is somewhat longer than the eye, flat and narrow, and its inner edge carries 
nine and its tip three long, slender, plumose hairs, which are about half as long as the 
scale itself. The fiagellum tapers gradually from the base to the tip, and is made up 
of twenty-four joints, each of which carries a pair of very short hairs. The joints at 
the tip of the fiagellum are a little longer than those at the base. The living animal 
usually carries these appendages extended before it, and diverging a little at their tips. 
It occasionally throws them back along the sides of the body, but only for an instant 
at a time. 

The eye-stalk tapers gradually from the base to the tip, and there is no abrupt 
distinction between the stalk and the eye proper, as there appears to be in other 
species. The length of the eye, with its stalk, is a little less than that of the true 
oarapace. 

The neck makes a little mote than three-fifths of the total length of the carapace, 
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and its vertical diameter is more than half that of the thorax. It has a median dorsal 
rostrum (fig. 61, 72), which is much smaller relatively in the adult than in the young, 
and two antero-lateral spines (Is). About half-way between the rostrum and the 
lateral spine the anterior edge of the neck has an extremely minute spine on each 
side, as in the younger stage last described. The cerebral ganglia (eg) occupy the 
ventral half of the anterior end of the neck, and the long commissures can be seen 
at CO. running back to join the ventral nervous system. The cephalic lobes of the 
stomach (s) and the antennary gland (g) occupy the dorsal portion of the neck. 

The true carapace (c) does not reach down on to the sides of the body as far as the 
basal joints of the thoracic limbs and mouth parts, and both these and their ganglia 
(figs. 75 and 76, tg) are visible below its free edge. Its edges are smooth, but there 
is a small spine at its anterior end. 

The labrum (fig. 61, Z) is massive and prominent, but there is no trace of a spine. 

The inner surface of the mandible (fig. 62) is marked by a number of parallel 
ridges, one for each denticle; and there is a second, and a faint ti*ace of a third, series 
of denticles on the outer surface (fiig. 63). There is no trace of a mandibular palpus. 

The scaphognathite of the first maxilla (fig. 64) has disappeared, the endopodite is 
rudimentary, while the second basal joint is very much larger than the first, and carries 
about fifteen stout short hairs arranged in three rows. The first joint has four much 
larger imequal hairs, which are serrated. The outer edge of the first and both edges 
of the second joint carry a single delicate plumose hair each. Fig. 65 shows the 
inner surface of the second basal joint. 

The second maxilla (Plate 8, fig. 67) is more like that of the larva. There is a 
three-jointed inner portion with short stiff* hairs, and an extremely large scaphognathite 
(fig. 67, sc), which is long and narrow, and united to the body of the appendage by a 
very narrow stalk. The outer end carries three rather stiff", short, plumose hairs, and 
five similar but somewhat longer hairs arise from the inner sur&ce between the outer 
end and the area of attachment. The inner end carries four plumose hairs, three of 
which are almost as long as the scaphognathite itself, while the fourth appeared to be 
broken off in the four specimens which I dissected out. 

The first maxilliped is a short, stout, two-jointed appendage (Plate 8, fig. 68), 
convex on its outer but flat on its inner surface, and fringed with short, stout, plumose 
hairs. 

The second maxilliped (Plate 7, fig. 61, JUp. 2, and Plate 8, fig. 70) is a long 
jointed limb, bent into a knee, and formed of six joints. It is fringed by long plumose 
hairs, which, on all the joints except the first and second, are arranged in a single row. 
The first and shortest joint has no hairs ; the next, or second, has one row of five and 
one row of three ; the next, or third, has six hairs ; the next, or fourth, and the fifth 
have ten each ; and the terminal joint has six. 

The next or third maxilliped (fig. 61, Mp. 3) is a long, slender, six-jointed limb, with 
a double row of short hairs. 
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The first pereiopod (fig. 61, Pr. 1) is four-jointed, and shorter than the last 
maxilliped. 

The second and third pereiopods {Pr. 2 and Pr. 3) are nearly equal, and twice as 
long as the first ; they are four-jointed, have a double row of small hairs along the 
anterior edge, and the last ends in a small curved hairy claw. 

They exhibit no trace of gills or of endopodites, and there is no stimip to indicate the 
position of the fourth pereiopod, which disappeared at the end of the Schizopod period. 

The first abdominal appendage of immature specimens or of mature females 
(Plate 9, fig. 74, PI. 1) is made up of a thick basal portion, which is unjointed 
in young specimens but two-jointed in mature ones, and a pointed annulated terminal 
portion which is fiinged with swimming hairs. In the nearly grown but immature 
male (fig. 76) there is a little bud or projection (a) near the base of the anterior 
surface of the long basal joint. In the sexually mature male (fig. 75) this bud has 
become the clasping organ which has been described by Milne-Edwards, Dana, 
Semper, Dohrn, Claus, Faxon, and others; and another smaller process or tooth 
has appeared upon the distal one of the two joints into which the base of the 
limb has now divided. 

Tha second, third, fourth, and fifth pleopods consist, in the young of both sexes, 
and in the mature females, of a long unjointed basal portion and two hairy terminal 
branches. In the adult male the second pleopod has a third and smaller terminal 
branch, as Claus has pointed out (Zeit f. Wiss. Zool., xiii., 434). 

The first, second, third, fourth, and fifth abdominal somites end below in short spines, 
and they are aU about equal in length, except the fifth which is nearly twice as long as 
any of the others. It has a median dorsal spine on its posterior edge, and the very 
yoimg specimens also have a pair of postero-lateral spines, as shown in Plate 7, 
fig. 60. In older specimens this pair of spines disappears, as shown in Plate 9, fig. 72, 
and in the adult female the somite undergoes no further change. When the male 
reaches sexual maturity, however, the lower edge of the somite becomes produced, as 
described by Dana, on each side into the hooks shown in fig. 73. In our species 
the smaller one of these hooks is near the middle of the somite, and the larger 
one about half way between it and the posterior edge. 

As shown in figures 72 and 73, the telson of an adult specimen is only about half 
as long as the swimmerets. The tip of the telson of an adult female is shown from 
above in fig. 71. 

In the male the telson becomes somewhat bent (fig. 73, T) as maturity is reached, 
and a rounded anal papilla becomes developed in its lower surface, while the telson of 
the adult female remains like that of immature specimens of both sexes. 

The exopodite of mature specimens usually has about twenty hairs, and the endopodite 
sixteen. The exopodite is longer and wider than the endopodite, and it is alike in 
Ixyih sexes until maturity is reached, when it becomes somewhat modified in the male, 

mXXXlLXXXIL N 
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This sexual difference has been pointed out by Dohrx (Zeit. ZooL, xxi., 1871, p. 358), 
but it seems to have escaped the notice of all other observers. 

In the young and in the mature female (fig. 72) the rounded tip projects beyond the 
tooth (a), but as the male approaches maturity the outer edge lengthens, thus pushing 
the tooth out, as shown in fig. 73, until the end of the appendage becomes square 
instead of rounded. It is extremely interesting to notice that in Lucifer^ as in so 
many other animals, the adult female is infantile in all the secondary points of 
difference from the male. 

General view of the metamorphosis of Lucifer. 

A review of the facts which have been described in this section indicates that some 
of the changes are much more significant than others, since the number of moults is 
much greater than the number of distinct larval type. 

The mQiB^-Nauplius is obviously a Nauplius with the rudiments of structures which 
are to appear after the moult, and it must therefore be regarded as a Nauplius 
prepared for the change into a Protozoea, rather than a distinct stage of development. 

There is no such break between the first Protozo'ea and the last Zo'ea as there 
is between the first Protozo'ea and the Nauplius. The rudimentary pereiopods and 
swimmerets of the so-called Zoikt are nothing but a preparation for the next stage of 
development, and the supposed necessity for finding a stage which can be directly 
compared with the Zoea of the higher Decapods does not justify us in making two 
larval types out of the imbroken series of Protozo'ea and Zo'ea forms. 

It is obvious that the three Schizopod stages ai-e modifications of a single larval 
type, and the presence of rudimentaiy pleopods in the second and third stages must 
be regarded as a preparation for the next stage of development. 

There is no abrupt break between the so-called Mastigopus and the young Lucifer 
when it is a little older and the neck has appeared. 

On the other hand, there is a real break between the Nauplius and the Protozoea, 
and the change from one to the other is accompanied by profoimd structural changea 
This is the case also with the transition from the Zoea to the Schizopod stage ; and 
with that from the Schizopod stage to the young Lucifer stage. The same thing is 
true to a lesser degree of the change from the immature Lucifer to the adult male. 

The metamorphosis may then be divided into the following well-marked stages, each 
of which except the last, and in all probability the last also, persists through more 
than one moult : — 

1. A Nauplius stage. 

2. A Protozo'ea stage. 

3. A Schizopod stage. 

4. An immature Lucifer stage, which persists in the female. 

5. An adult male stage. 
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If we neglect the features which, at the end of each stage, make their appearance 
as preparation for the next, we may describe each stage as follows : — 

The NaupliiLS has three pairs of locomotor appendages, the first antennae, the second 
antennas, and the mandibles ; and there is a large labrum without a spine, and the 
carapace and telson are absent. There is an ocellus, but no compound eyes. 

The Protozo'ea has two pairs of antennae, which are like those of the Nauplius. The 
mandible is reduced to a cutting blade. There are two pairs of biramous maxillae, 
with scaphognathites, and two pairs of biramous maxillipeds. There is a long hind 
body, ending in a flat telson. The labrum has a spine. The carapace is large, and 
has a rostrum, a median dorsal and two lateral posterior spines ; and its free edges 
reach down beyond the basal joints of the appendages. There is an ocellus, but no 
stalked eyes. 

The Schizopod stage is characterized by the great change in the two pairs of 
antennae, which are no longer like those of the Naupliics, but have the characteristics 
of those of the adult. All the mouth parts and four pairs of thoracic limbs are present, 
and aU posterior to the first pair of maxillipeds are biramous and locomotor. The 
abdomen has six somites and a movable telson. The swimmerets are present, but the 
other abdominal appendages are not. 

The ocellus persists, but the stalked eyes are also present. The carapace has a 
rostrum and two antero-lateral spines, but those at the posterior edge have disappeared. 
The edges of the carapace do not reach over the basal joints of the thoracic limbs, and 
the body is flattened vertically. The labrum still has a spine. 

The young Lucifer and the adult female have a long flagellum on the first antenna, 
a flagellum and scale on the second ; the ear and antennary gland are present ; the 
neck is elongated. The fourth pereiopod has disappeared, and the others, as well as 
the maxillipeds, have lost their exopodites. The first pleopod has one terminal branch, 
the next four two branches each ; the sixth abdominal spmite has a smooth lower 
edge. The telson is straight and the outer end of the exopodite of the swimmeret is 
rounded. 

The adult male has a clasping organ on the first pereiopod, three rami on the second, 
two teeth on the lower edge of the sixth abdominal somite, a square end to the 
exopodite of the swimmeret, and a bent telson. 

It is true that these five stages merge into each other somewhat, and that they are 
complicated by the presence of the rudiments of organs which are be functional at the 
next stage ; but after all these secondary modifications are allowed for, it will be seen 
that each stage is sharply and definitely marked, and sepai-ated by a pronounced gap 
from the stages before and after. 

The significance of these five stages can be best inquired into after the corresponding 
stages of other Sergestidce have been examined, and I will return to the subject further 
on, in a section on the general relationships of the group. 

N 2 
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IV. History of the Appendages of Lucifer. 

For convenience of reference I will now describe the changes which each appendage 
undergoes at each stage of development, going over the same ground once more, but in 
a different way. 

The first antenna. 

In the eggNauplius (figs. 21, 23, and 24,^) this appendage is unjointed, more than 
half as long as the body, and it carries a terminal tuft of hairs. 

In the first free Nauplius (fig. 25, ^) it consists of five nearly equal joints; it is 
nearly as long as the body of the second antenna, and its tip carries two long simple 
hairs and two much smaller hairs. 

In the last Nauplius stage, or meta-iVaupZiW (fig. 26) the joints have disappeared ; 
it is only about two-thirds as long as the body, and it carries only the two long hairs 
at the tip. 

In the first Frotozoea stage (fig. 27, A) it is made up of a long cylindrical basal joint 
with a few short hairs, and a much shorter terminal joint, which is pointed, and carries 
the two long hairs as before. 

The structure of the appendage does not change until the end of the Zoea series, 
and it is shown at ^ in figs. 34, 42, 43, and 44. 

At the first Schizopod stage (fig. 50, ^) the basal portion is made up of one very 
long cylindrical joint, with a hook near its swollen base, and a much shorter distal 
joint. Three long, two -jointed, plumose hairs spring from the inner edge of the second 
joint, and three more from the inner edge of the distal third of the basal joint. The 
terminal portion has lost the two long hairs which it hs\/i at earlier stages. 

In the last Schizoj>od stage (fig. 54, ^, and fig. 56) the distal third of the basal 
joint has separated off as a distinct joint (fig. 56, a) upon which the three hairs are 
situated. The ear has made its appearance, behind the hook, on the swollen base of 
the first joint. The terminal joint (4) carries three sensory hairs, which arise upon its 
outer surface about half way between its tip and base. 

In the Mastigopus stage (fig. 60) the terminal joint has lengthened to form a two- 
jointed flagellum, and the appendage is more than twice as long as the eye. 

In the yoimg specimens which have attained to the adult form (fig. 61, A) the 
appendage is about as long as the carapace and neck, and in the adult (fig. 66, A) the 
flagellum (2) is about as long as the basal portion (1). It consists of ten joints, the 
terminal one longest, and the first and second thick. The first carries two and the 
second three sensory hairs. 

The basal portion is thick, cylindrical, three-jointed, with six plumose hairs, and the 
ear nearly fills the enlarged base. 
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2%e second antenna. 

In the egg Nauplius (fig. 24, An) this is unjointed, more than half as long aa the 
body, divided into two nearly equal rami, with hairs at their tips. 

In the first free Nauplius stage (fig. 25, An) a two-jointed basal portion carries a 
three-jointed exopodite and an eight-jointed endopodite. The appendage is nearly as 
long as the body, the two rami are about equal in length, and each has three long 
simple hairs at its tip. In the last Nauplius stage (fig. 26) the joints are obscure ; 
the endopodite is longer than the exopodite ; it has long hairs along its side, and 
those at the tip are plumose. In the Protozoea stages (figs. 27, 34, 35, 42, 43, and 
45, An, and fig. 36) it consists of a two-jointed basal portion (fig. 36), which carries an 
unjointed exopodite {ex) with long, slender, non-plumose terminal hairs, and an eight- 
jointed endopodite (en) with eight long hairs arranged along its side and tip. The first 
and second joints are very short, while the other six are longer and nearly equal. 

In the first Schizopod stage (fig. 50, An) the appendage is rudimentary, its joints 
are absent, and the exopodite is almost but not quite as long as the endopodite. The 
appendage is only half as long as the first antenna. In the last Schizopod stage 
(fig. 54, An, and fig. 57) the exopodite has become a scale, which is only half as long 
as the seven-jointed flagellum which has become developed from the endopodite ; the 
basal joint is simple, very large, and the appendage is as long as the first antenna. 

The flagellum now grows rapidly, and in the adult (fig. 61, An, and 'fig. 66, An) 
it has twenty-four joints, and is more than half as long as the body. The antenna! 
gland opens into its base, and the scale is longer than the eye, and carries twelve long 
plumose hairs. 

The mandible. 

In the egg Nauplius (fig. 24, M) this is biramous, unjointed, and tipped with hairs. 
In the first free Nauplius (fig. 25, M) it is short, and made up of a stout basal joint ; a 
two-jointed exopodite with three long slender hairs, two of which are carried by the 
terminal and one by the proximal joint ; and a shorter endopodite with three long 
simple hairs. In the last Nauplius stage (fig. 26, M) the joints of the exopodite have 
disappeared, the three hairs on the endopodite have lengthen ed and become plumose, 
and the inner edge of the basal joint carries a hook or blade. From the beginning of 
the Protozoea series to maturity the mandible is a cutting blade, with no trace of a 
palpus, and the number of its denticles gradually increases with age. 

The metastoma. 

The manner in which the metastoma originates in the Nauplius as a pair of buds 
similar to those which become the maxillae, as well as the fact that it persists in 
closely-allied forms as a pair of limb-like structures, seems to show, as Claus has 
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pointed out {' Untersuchungen,' &c., p. 1 5), that the Decapod metastoma is morpho- 
logically a pair of appendages ; that it has been formed by the simplification and union 
of structures homologous with the hmbs; and that this pair of appendages was originally 
furnished with a body -somite and a pair of ganglia. Claus's reason for the homology 
is the resemblance between the Decapod Pi'otozom and the larva of Phyllopods and 
Copepods, and the manner in which these parts are developed in the NaupUi of Lncifer 
and Euphausia seems to be an additional reasoji for accepting his view. 

The first maxilla. 

This appendage is rudimentary during the NaupUus stages, but, as shown in 
fig. 21, Mx, 1, it is represented by a pair of buds several hours before birth. 

In the Prolozoea and Zom series it has the form shown in fig. 46, which was drawn 
from the appendage of a larva in the last ZoOa stage. Its characteristics are developed 
gradually, and it is somewliat simpler during the eai-lier Protozoea stages than it is in 
fig. 46. Fig. 30 shows it as it appears in the first Protozo'ea when seen from the 
outside. It consists of a basal portion (fig. 46) made up of two joints (1 and 2), which 
carries a short obscurely-jointed endopodite (en) and a scaphognathite (*;). In my 
description of this and the other mouth parts of Lucifer I have accepted Claus's 
homology {' Untersuchungen,' Ac, p. 16), and regard the two basal joints as the 
equivalent of the basal portion of the antenna, or of one of the thoracic limbs ; the 
jointed palpus as the homologue of the inner ramus of the antenna, or the limb proper 
of one of the thoracic appendages ; and the scaphognathite as the homologue of the 
exopodite of one of the thoracic appendages, or of the antennte. In all these appen- 
dages the exopodite is shorter than the endopodite, unjointed, and set with long hairs, 
the plumose character of which is well marked. The scaphognathite of the maxilla 
agrees with the exopodite of the second antenna and of the other appendages in this 
respect, while the palpus of the maxilla agrees with the endopodite of tiie second 
antenna, and with that of the mandible of the NaupUus and with the thoracic limhe of 
the adult Lucifer, in consisting of several joints with one or more, usually simple, 
hairs at each joint. 

The inner edges of the basal joints of the maxilla carry cutting hairs, and the 
second joint is largest. The endopodite carries five long slender hairs which are simple 
in the earlier and plumose in the later stagea The scaphognathite canies three hairs 
which are equal and simple in the earlier Protozom, but plumose in the Zom, where one 
is very much longer than the other two. 

The structure of this appendage undergoes extremely Uttle change from the time it 
appears in the ProtozoOa to maturity. In the Schizopod larva {fig. 52) the second 
basal joint (2) has become much larger than the first (1), and its cutting hairs are more 
numerous than before ; a small slender plumose hair has made its appearance on the 
edge of each joint. The endopodite (en) is obscurely three-jointed, and the scaphogna- 
thite (w) has only two long plumose hairs. 
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In the adult (fig. 64) the scaphognathite is absent ; the endopodite is rudimentary 
and the second joint of the base (2) is very much wider than the first (1), and has 
fifteen cutting hairs an-anged in three rows, while the first joint has only four very 
much longer serrated cutting hairs. The basal joint has only one plumose hair as 
before, but the second joint has one on each side of the blade. 

The second niaxilla. 

The second maxilla is present as a bud (fig. 24, Mx. 2) in the egg, and it becomes 
functional in the first Pivtozoea, and persists without very much change to maturity. 

In the first Protozoea (fig. 31) it has a long, many-jointed basal portion (^), with slender 
simple hairs on its inner edge ; a two-jointed endopodite {en) with three simple hairs 
on its tip, and two on the second joint ; and a small scaphognathite with plumose 
hairs. 

In the last Zo'ea (fig. 47) the hairs on the inner edge are plumose, and one of 
the three hairs on the small scaphognathite is much longer than the others. 

In the Schizopod stage (fig. 53) the limb is thick and long, the scaphognathite is 
rudimentary, and the endopodite is smaU, and has no terminal hairs. 

In the adult (fig. 67) the endopodite and all but three of the joints of the basal 
portion are absent. The first of these (3) is the largest and has a broad edge, with a 
number of cutting hairs, while the others (2 and 1) are narrow and have three hairs 
each. All these hairs are simple. The scaphognathite is elongated, and is now about 
as long as the body of the appendage, to which it is joined by a narrow neck. The 
inner end has four plumose hairs, three of which are about as long as the appendage, 
while the fourth was short and apparently broken in all the specimens which I 
examined. The outer half of the scaphognathite has three short straight plumose 
hairs on its outer end, and five somewhat longer ones on its inner side. 

Thejinst maxilliped. 

The first maxilliped is represented by a bud in the egg Nauplius (fig. 21 Mj). 1) and 
it becomes functional in the first Protozoea, and then consists (fig. 32) of an unjointed 
exopodite (ex) with four long terminal hairs ; a four-jointed endopodite (en), with three 
long terminal simple hairs, and a shorter hair springing from the inner edge of each 
joint ; and an obscurely two-jointed basal portion with short simple hairs on its inner 
edge. 

In the Zoea stage (fig. 48) the hairs on the inner edge and on the exopodite are 
plumose, and the endopodite is long and six-jointed. 

In the Schizopod stage (fig. 50, i/p. 1) the joints are obscure ; the exopodite 
is nearly as long as the endopodite ; all the hairs are plumose, and about equal in 
length, and there is a double row along the inner edge of the appendage. 
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In the adnlt the apf^ndaire <cg. 6f i is ertremelT simple, Aon. ^oux, rwr^j.-.irit^. 
flattened on its inner and r-junded ••ti it* onter s^jriace, with a fringe <-f ^hi-rr., stout, 
equal, p]iiin':<5e hairs around the edgt of the flattened sijrface. 

TJii gi'>yT,d marillipid. 

It is diflicnlt t*:* decide wiTh certainty whether this appendage is represented tv 
a bud in the Xnupfr-f or nc-x. If the firet pair of buds become the metastoma, 
as Seems probable &T>m their position witli reference to the mandibles and fr:>m the 
analogy of the Euphauri^ o/avjJw. the second pair of maiiUipeds are not represented. 
but if the first pair of buds are the radimentaiy fir^t maxillse the last fair are the 
second maiiUipeds. At any rate the ap'pendagts are present in the first Ptx4<ocva 
{fig. 33), and ther are essentially like the first pair, but much smaller. 

In the last Z':'en stage (fig. A'.*\ they are larger, althoi^h still smaDcr than the first, 
and their inner edges carry only three short haiis which are not plumwe. 

In the Schizopod stage (fig. 59, Mp. 2) a long basal joint carries a four-jc4nted 
endopodite and an unjointed exopodite of nearly equal length. The outer half of the 
exopodite is fringed by fourteen long, simple bfdis, and the terminal joint of the 
endopodite has a few short plumose hairs. 

In the next stage the exopodite is absent, and the long six-jointed limb (fig. 70) is 
beut into the shape which is so characteristic of the adult SergestidtF. 

The basal joint (1) is qtiite short and stout. The next joint (2) is longer and has 
five plumose hairs, almost as long as the joint, on one ade and three on the other. 

The next joint (3) is the longest, and carries six plumose hairs. The next (4) is 
about as long as the sexymd, and the Ijend in the Umb occuts in this joint and between 
it and the third. It carries ten plumose hairs about as long as those in the other 
joints, and arranged in a single close rank. The fifth and sixth joints are shorter than 
any of the others except the tirst ; they are about equal in length, and the fifth carries 
ten, the sixth six long plumose hairs. 

The third mojillipefJ. 

This appendage makes its appearance as a bUobed rudiment (figs. 43 and 45, J/p. 3), 
at the end of the Zoeti series, and it becomes developed into a Schizopod foot, at the 
next or first Schizopod stage (fig. 59, Mp. 3). A stout basal portion which spears to 
be two-jointed, carries an unjointed exopodite, and a four-jointed endopodite. The 
latter branch is the longest, and its tip carries four rather short plumose hairs. The 
outer half of the exopodite carries fourteen long simple hairs. 

At the end of the SchizofKHl period the Umb loses its exopodite entirely, lengthens 
and becomes a slender six-jointed leg, fringed by a double row of short hiurs, as 
Hho'n'n in fig. 61, Sip, 3. 
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The history of this appendage in Lucifer shows that that there is no reason, except 
the arbitrary system borrowed from the higher Decapods, for classing this appendage 
with the mouth parts, instead of with the thoracic hmbs. 

It appears much later than the first and second pairs of maxillipeds, or at the same 
time with the thoracic limbs. It agrees with these latter in all its subsequent changes 
and in its adult structure, and must be regarded as forming one of the thoracic series. 
I have employed the recognised name, third maxilliped, to prevent confusion, but the 
appendage is in no sense a mouth part. In fact, the only reason for holding that the 
missing appendage in LtLcifej" is the fifth pereiopod, instead of the last maxilliped, is 
the tacit assumption that the appendages must follow a definite serial order from in 
front backwards. We do not know that this assumption is justifiable in all cases, and 
it is therefore perfectly possible that the appendage which is usually called the third 
maxilliped of Lucifer may really be the first pereioped. I think the probability is in 
favour of the accepted homology, but the use of the term " third maxilliped " in the 
present paper for the appendage in question must not be regarded as evidence that 
the homology is accepted without question. 

The pereiopods. 

At the end of the Zo'ea series four pairs of pereiopods, the first, second, third, 
and fourth, are represented by buds (figs. 43 and 45), while the fifth is entirely absent, 
as Dana pointed out in the ' Report on the Crustacea collected by the United States 
Exploring Expedition,' p. 634. Willemoes-Suhm (Proc. Roy. Soc, voL 24, p. 134), 
calk attention to the same fact : the total absence of this somite at all stages of 
development. In the Schizopod stage eacb of these appendages is biramous (fig. 59), 
and similar to the last maxilliped, although the first three pairs (fig. 59, Pr. 1, Pr. 2, 
and Pr. 3) are longer. 

At the end of the Schizopod series of stages the entire fourth pair and the exopo- 
dites of the other three pairs disappear, and the endopodites lengthen to form the 
long slender limbs of the adult (fig. 61, Pr, 1, Pr. 2, and Pr. 3). They are four- 
jointed, with a double row of short hairs along the anterior edge, and the first is only 
half as long as the second and third, which are nearly equal, and almost as long 
as the carapace and neck. The third ends in a short, curved hairy claw, too small 
to be shown m the figure. 

The first abdominal appendage. 

This is present as a rudimentary bud at the end of the Schizopod series, but does 
not become ftinctional until the Lucifer form is reached. In the young it consists 
of a long unjointed base, and a single pointed tip, fringed with swimming hairs 
(fig. 61, PI. 1). In older specimens the basal portion divides into two joints, and in 
the young male or the young or mature female the appendage has the form shown 
in fig. 74. As the male approaches maturity a small process, shown in fig. 76, 

MDOCCLXXXII. O 
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appears on its anterior face^ and becomes modified in the mature male into the 
clasping organ (fig. 75, c), while a second process (d) appears a little nearer the tip of 
the limb. 

Tlie second abdominal appefidage. 

This appears at the same time with the first, and developes two terminal branches. 
In the mature male a third shorter one is added. 

ITie tkirdy fourth, and fifth abdominal appendages. 

These all develop at the same time with the first and second ; they have two 
terminal branches and are alike in both sexes. 

The sixth abdominal appendage. 

This is present as a rudiment in the last '' Zoea,^' and it becomes fully developed in 
the first Schizopod larva. 

It consists of a basal joint which carries a long, wide, and flat exopodite, and a 
narrower shorter endopodite. 

In the young and in the mature female the outer end of the exopodite is rounded, 
but it is nearly square in the mature male. 

The lahruin. 

The labrum is Lvrge and conspicuous in the Nauplius, but it has no spine. The 
spine is present from the first Protozoea stage to the last Schizopod stage, but it is 
absent in the adult. 

The compound eyes. 

These make their appearance as rudiments in the last Protozoea, but they are 
not perfectly developed or stalked until the last Schizopod stage. The homology of 
the stalked eyes of the Malacostracan has been a matter of some uncertainty. They 
are usually enumerated in the list of appendages, and the typical Crustacean is sup- 
posed to have a corresponding somite. Claus has pointed out ("Zur. Kenntniss 
der MaJacostrakenlarva," Wurzb. Zeitschr. ii., 1861. p. 33) that no especial taxonomic 
importance can be attached to their presence or absence ; and their mode of origin in 
LwcifeT certainly gives no support to the view that they have been produced, like the 
mandibles, by the gradual specialisation of a pair of ordinary appendages. They do 
not resemble ordinary appendages at any stage, but are formed directly, and the fiict 
that the period of their development is spread over several moults renders their 
history quite different from that of the appendages. As I shall show further on, 
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serially homologous organs do not necessarily owe their resemblances to inheritance 
from the unspecialised organs of a remote ancestor, and I think that the presence of a 
distinct occular segment in Squilla compels us to recognise an homology between the 
stalked eye and an ordinary appendage^ although it is no doubt true that all the 
groups in which stalked eyes occur cannot be traced back to a common stalked-eyed 
ancestor, and also true that the stalked eyes themselves cannot be traced back to 
ordinary appendages. 

Tlie ocellus. 
This is present from the first Nauplius stage to the end of the Schizopod series. 



Explwiation of Table I. 

This table is designed to show at a single view the condition of each appendage at 
each stage of development. 

For convenience I have included the compound eyes, the ocellus, and the labriim, 
but do not wish to imply that these structures are or are not homologous with ordinary 
appendages, and I have omitted the metastoma, although I have no doubt that this 
should be included in a list of the appendages. 

In the table the word " same " indicates that the condition of the appendage id the 
same as it was at an earlier stage, and does not refer to other appendages in the same 
vertical line. 
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V. The Metamorphosis of Acetes. 



While I was studying the development of Lucifer^ I found during the month of 
September a few specimens of the very similar larva which is shovni from above in 
Plate 9, fig. 79, and from the side in fig. 78. 

Several specimens were placed by themselves in tumblers of sea- water, where they 
passed through the stages shown in Plate 11, figs. 84, 85, and 90. Only one of my 
specimens reached this last stage, and as this one moulted on the last day of the 
season I was not able to trace it any further, and as I collected no adult specimens of 
the same kind, its precise systematic position must at present remain in some 
uncertainty. The close similarity which I shall point out between its larval stages 
and those of Lucifer and Sergestes renders it very probable that it is a Sergestid, and 
the analogy of these forms also indicates that the larva shovni in fig. 90 has in all 
probability nearly or quite attained to the mature form. This larva difiers from the 
other two forms in the possession of small claws at the tips of the last three pairs of 
pereiopods, and as this is characteristic of Milne-Edwards' genus Acetes, and only 
three genera of Sergestidae — Lucifer, Acetes, and Sergestes — have been described, I 
think we may conclude that we have to do with the development of an American 
species of this genus. At any rate, whatever the systematic position of the adult may 
be, the fact that the Protozoea is in most respects intermediate between the simple 
Protozoea of Lucifer and the extremely modified Protozoea of Sergestes, gives this form 
so much interest that it seemed best, for the sake of comparison, to embody all that 
I was able to learn about its metamorphosis in the present paper. 

At the earliest stage which was observed, the larva (figs. 77, 78, and 79) is a ^'Zoea " 
i^Iq inch long, and a comparison of fig. 79 with fig. 44, or of fig. 77 with fig. 43, will 
show that it is essentially like the last Zoea of Lucifer, although the minor differences 
are both numerous and conspicuous. 

The number of somites and appendages is alike in both forms, and the appendages 
are alike in most respects, although each one of them shows distinctive characteristics 
of its own. 

The carapace (fig. 79) makes about one-half the length of the body, and it is much 
more flattened than it is in Lucifer. It has a rostrum (R) and a median dorsal spine, 
but the postero-lateral spines (sp.) point outwards and backwards, instead of directly 
backwards, and there are a pair of anterior spines as long as the rostrum, projecting 
over the eyes. The two large pigment-spots which give such a characteristic appear- 
ance to the carapace of Lucifer are entirely absent, and the thoracic segments and 
appendages are covered by its posterior edge. 

The eyes are moimted upon distinct stalks, while they are sessile in Lucifer at the 
same stage. 

The abdominal somites are short and wide, and coloured by bright-red pigment- 
spots, and their lower edges are produced into strong projecting spines. 
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The telson is deeply cleft, and its halves diverge from ea^h other like a swallow's 
tail feathers, so that the posterior ends of the rudimentary swimmerets are visible 
between them in a dorsal view, as shown in figs. 77, 78, and 79. The spines on the 
telson are similar in arrangement to those of Lucifer^ but much longer. 

A comparison of the Lucifer Zoea (fig. 44), the Acetes Zoea (fig. 79), and the 
Sergestes Zoiki (Clauses 'Crustacean-System,' taf. vL, fig. 1) at the same stage of develop- 
ment, brings out the extremely interesting fact that the Acetes larva stands between 
the very simple Zoea of Lucifer and the remarkably complicated Elaphocaris larva of 
Sergestes in nearly every feature in which the two differ. In Lucifer the eyes are 
sessile ; in Acetes they have short stalks ; and in Sergestes the stalks are very long. 

In Lucifer the spines over the eyes are absent ; in Acetes they are present and 
simple ; and in Sergestes they are very long and compound. 

In Lucifer the postero-luteral spines are parallel to the long axis of the body ; in 
Acetes they are oblique, so that they project a little beyond the outline of the body ; 
and in Sergestes they are at right angles to the long axis, and compound. 

The carapace, including the rostrum, makes about one-third of the total length of the 
body of the Lucifer Zom ; about one-half of that of the Acetes Zoea ; and more than 
two-thirds of the total length of the Sergestes Zoea. The abdominal somites of the 
Acetes Zoea are shorter and wider than those of the Lucifer Zoea, and this change is 
carried still fiirther in the Sergestes Zoea. In the Lucifer Zoea the sixth abdominal 
somite is the only one which has ventral spines, and these point backwards. All the 
abdominal somites of Acetes have spines, and they point backwards and a little 
outwards, while in Sergestes they all point directly outwards. 

The telson is slightly notched in Lucifer ; deeply forked in Acetes ; and in Sergestes 
the prongs of the fork diverge so much as to form a right angle. 

These &cts are extremely interesting, as they seem to show that the Elaphocaris is a 
larva essentially like that of Lucifer, which has passed through a remarkable process 
of secondary modification, resulting in the acceleration of the development of the 
eyes, and the production of a forked telson, and a very 'spiny body. The larva of 
Acetes has been modified in the same direction but to a much less degree. It may be 
asked why we are to assume that the Lucifer Zoea is the primitive form, and the 
Elaphocaris larva the secondary modification rather than the reverse ; but a little 
thought will show that the distinctive features of the Elaphocaris stand in direct 
relation to the environment, as weapons of defence, sense organs, or locomotor 
apparatus, while the distinctive marks of the Lucifer Zoea are features of general or 
typical resemblance to the corresponding larva of Euphausia and Penceus. 

I did not succeed in finding the Protozoea from which the Zoea shown in fig. 79 is 
derived, but I think it extremely probable that future research will show that an 
unknown larva which has been figured by Dohrn and Claus is the Protozoea of Acetes, 
or else of a new closely-related genus of the Sergestidse. 

In his " Untersuchungen Uber Bau und Entwickelung der Anthropoflen " (Zeit. f. 
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Wiss. Zool.y xxi., 1871), Dohbn describes the "Larve eines unbekannten Krebses" 
from the Indian Ocean (p. 377), which is shown in his plates 29 and 30, figs. 62 
to 67. In his * Crustacean-System ' (taf. iv., figs. 2 to 7) Claus gives much more 
satisfactory figures of what appears to be the same larva, and speaks of it as a 
" Phyllopodenahnlichen Protozoea unbekannter Herkunft." Its close resemblance to 
the Protozoea of Lucifefi* renders it extremely probable that it is the Protozoea of a 
Sergestid, and as the Protozoea of Lucifer and that of Sergestes are known, this must 
be the larva of Acetes, or of some closely-related unknown form. 

The carapace is nearly smooth, rounded, and there is no trace of a rostrum, and it 
makes more than three-quarters of the total length of the body. 

The compound eyes are present and well developed, but they are sessile, and there 
is no indication of the stalk. The first antenna is seven-jointed, and the two terminal 
joints are thin and long. 

The second antenna is nearly twice as long as the first, and very thick. Its short 
stout basal portion consists of two joints, and carries a short two-jointed exopodite, with 
three long terminal non-plumose swimming hairs, and a very large twelve-jointed 
endopodite with a long swimming hair at each joint. 

Claus's figures show that the appendages at the back of the antennsB ai'e very much 
like those of Lucifer^ and the same ones are present ; that is, the mandibles, first and 
second maxillsd, and first and second maxillipeds. 

The hind body is segmented, and ends in a broad, flat, deeply-cleft telson, with six 
pairs of irregularly plmuose hairs, the third pair very much longer and thicker than 
the others. 

A comparison of Claus's figure with fig. 27 of this paper will show that most of the 
differences between this unknown larva and the first Protozoea of Lucifer are of the 
same kind as the differences between the Acetes Zo'ea (fig. 79) and the corresponding 
stage of Lucifer (fig. 44). 

At a time when the eyes of Lucifer are rudimentary and sessile they are perfect and 
stalked in Acetes, and at a time when they are entirely absent in Lucifefi^ Dohrn's 
larva has them sessile and rudimentary but distinct. 

The Zo'ea of Acetes, like this larva, has its telson deeply forked ; its hairs are 
plumose, and the third is much longer than the others. These resemblances, and the 
great length of the carapace, render it very probable that this unknown larva is the 
Protozoea of Acetes. 

I will now continue my description of the appendages of the Zo'ea. 

The first antenna (fig. 77, A) is imiramous, and it consists of a long, cyUndrical, 
two-jointed shaft, and a single short flagellum, which shows obscure traces of a division 
into three joints. The basal joint of the shaft is a Uttle more than half as long as the 
second joint, and it caiTies a single short sharp hair on the inner side of its distal end. 
The second joint has two much longer hairs on its distal end, and one about half way 
between its ends. The flagellum makes about one-fifth of the total length of the 
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appendage, and it carries four terminal hairs, two of them about as long as those on 
the terminal joint of the shaft, and two nearly three times as long. 

The second antenna is the chief locomotor organ, and (as shown in fig. 77, An) it 
consists of a thick two jointed basal portion, which carries a two-jointed exopodite (ex) 
and a ten-jointed endopodite (eii). 

The proximal joint of the exopodite is about twice as long as the terminal joint, and 
it carries two long hairs on its outer end, and two more near the basa The terminal 
joint has, at its tip, one short hair, and four which are about as long as the limb. The 
endopodite consists of four short rings, and a series of six joints like those of the 
corresponding organ of the Nawplius, Protozoea^ and Zo'ea of Livcifer. The terminal 
joint carries four, and each of the five other joints one long swimming hair, and none 
of these hairs ai-e plumose. 

On the basal portion of the appendage there is a large bright-red pigment-spot, 
which forks and runs along the exopodite and endopodite, about half way to their 
tips. 

The labrum (fig. 77, L). is smaller tlian that of Lucifer^ with a spine and a large red 
pigment-spot. 

The mandible (fig. 77, -Jf, and fig. 80) has small irregular denticles along its cutting 
edge, and these reach to the tip of the long tooth which occupies the posterior angle 
of the blade. The mandibles of two specimens were dissected out, and in each case 
there was a little hairy pad {m) upon the posterior surface. It could also be seen 
in the entire animal (aa shown in fig. 77). It is possible that this pad is the man- 
dibular palpus, but it seems much more probable that it is half of the lower lip or 
metastoma, for no palpus is present on the mandible of Lucifer. 

The first maxilla (fig. 77, Mx. 1, and fig. 81) is quite different from that of Lucifer 
(fig. 46) at the same stage, but the difference is in minor points, and there is essential 
agreement in general stiiicture. The two basal joints or blades are long and slender, 
and their hairs are also longer and thinner than they are in Lucifer, The endopodite 
(en) is placed nearly at right angles to the base, and is distinctly three-jointed. It 
carries five hairs as it does in Lucifer^ and they are similarly placed, but longer. The 
three hairs on* the scaphognathite are about equal in length, and the plmnules on 
their sides are short and irregular. 

The second maxilla (fig. 77, Mx, 2, and fig. 82) is much like that of the Lucifer 
Zoea (fig. 47), but the three hairs at the tip are more than twice as long as those on 
the inner edge of the appendage, and they are irregularly plumose, while they are 
simple in Lucifer, 

The first maxilliped (fig. 77, Mp. 1, and fig. 83) differs from that oi Lucifer (fig. 48) 
in the same way, and the exopodite carries seven instead of four hairs, and these are 
as long as the appendage, and two-jointed. 

The second maxilliped (fig. 77, Mp. 2) is about as long as the first, but it does not 
seem to be of much functional importance. It is usually carried stretched back along 
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the hind body, as shown in the figure, and its hairs are short. As in Lucifer at the 
same stage, the exopodite is as long as the endopodite. 

The third pair of maxillipeds, and the first, second, third, and fourth pairs of 
thoracic limbs are represented by buds, as in Lucifer at the same stage. The bud for 
the third maxilliped (fig. 77^ Mp. 3) is bilobed, longer than the others, and it points 
backwards outside the other buds. The buds for the first three pairs of periopods 
are bilobed, in contact on the median line, and about equal in size. Those for the 
fourth pair are much smaller, and are hidden in a ventral view by the buds for the 
third pair, but they can be seen in side view (as shown at T4 in fig. 78). There is no 
trace of the fifth pair of pereipods either at this or at any later stage. Claus figures 
buds for the fifth pair in the Zoea of Se7yestes, and also in the next or Acanthosoma 
stage of Seiyestes ; but the study of the Zoea of Acetes shows even more satisfactorily 
than is the case in Lucifer that these appendages are entirely absent, and it seems 
safe to believe that this is the case in Sergeates also until the larva of the latter has 
been carefully examined with reference to this particular point. 

The abdominal appendages, with the exception of the fifth pair, are entirely absent ; 
but each abdominal somite has a pair of long ventral spines. The swimmerets are 
represented by long bilobed buds, which project beyond the fork or notch in the telson. 
The abdominal ganglia are very much more conspicuous than they are in Lucifer. 

The distribution of pigment is somewhat difierent from what we find in the Lucifer 
Zoea, and nearly all the pigment-spots are bright-red. There is a large spot of red and 
one of reddish-yellow on the eye stalk, a red spot on the labrum, a large red and very 
dendritic spot on the second antenna, red spots on the dorsal surface of the posterior 
edge of the third, fourth, and fifth abdominal somites on the median line ; red spots 
on the ventral surface of the first, second, and third at the bases of the spines ; a red 
and a brown spot at the base of the spine on the fifth ; a brown spot at the base of the 
spine on the sixth, and a red spot on the base of the swimmeret. The anal spots are 
large and bright-red. 

On September 20th I found several specimens of the stage which has just been 
described. Fig. 79 was made from one of them, which was then placed in a glass of 
water by itself, and the next day it was found to be moulting. In the evening 
the moult was found to be finished, and the larva was swimming actively. The 
drawing given in fig. 84 was made from it without injuring it, and later stages were also 
drawn from the same specimen. 

The larva, t^^o ^^^^ l^^g> has undergone very great change, and although it is an 
Acanthosoma, it presents many important differences from both Lucifer and Sergestes. 

The abdomen has lengthened so that the carapace makes less than one-third the 
total length of the body, and the dorsal and postero-lateral spines have disappeared. 

The abdominal spines stand out from the body, and the swimmerets have become 
the chief locomotor organs. The spine has disappeared from the labrum ; the two 
pairs of antennae have changed from the larval to the adult form ; the endopodite of the 
fourth pereiopod, and the first three pairs of pleopods are represented by long buds. 

MDCOCLXXXII. p 
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The first antenna (fig. 84, A) consists of a three-jointed shaft about as long as the 
carapace, and two terminal flagella. The basal joint of the shaft makes half the total 
length of the appendage, and the other two are about equal to each other. On the 
inner edge of the distal two-thirds of the shaft there are eight long, similar equidistant, 
plumose hairs, and there are two short spines on the outer edge. The inner flagellum 
is short, and carries one long slender terminal hair. The outer one is more than twice 
as long, and carries two thick sensory hairs. 

The exopodite of the second antenna (fig. 84, ex) has become a scale, only one-third 
as long as the endopodite, which is now a ten -jointed flagellum about as long as the 
carapace. 

The second and third maxillipeds (fig. 84, Mp, 2 and Mp. 3) and the first, second 
and third pereipods (fig. 84, 2^ 1, 2^2, and T 3), are Schizoped-like, but they are of very 
slight functional importance, and their endopodites are folded forwards on the ventral 
surface, like the maxillipeds of Squilla, so that it is impossible to study the mouth 
parts without dissection. The endopodite of the fourth pereiopod has entirely 
disappeared, and the limb is represented only by its exopodite. The five exopodites 
are about alike, and they all end in long slender swimming hairs : those of the four 
pereiopods {T \ ex, T 2ex, T S ex, and TAex) are bent outwards and upwards towards 
the dorsal surface, as in the maxillipeds of a Crab Zoea, but those of the second and 
third maxillipeds {Mp. 2 ex and Mp. 3 ex) are more nearly parallel to the endopodites. 
The endopodite of the second maxilliped {Mp. 2) is free and movable, but those of the 
third maxillipeds {Mp. 3) and of the first, second, and third pereiopods are covered by 
a delicate cuticle, and are almost immovable. 

I did not actually witness the next moult, but four days later the larva, to&q i^^h 
long, was in the stage shown in fig. 85. The exopodites of the thoracic limbs have 
become reduced to rudiments, the limbs themselves have stretched out and are now 
functional, as are the three pairs of abdominal feet. 

The first antenna (fig. 86) has not changed much, but its base is swollen and the 
otocyst has appeared. 

The second antenna is now half as long as the whole body, its flagellum is ten- 
jointed, and red pigment has appeared at its base and tip (fig. 87). The outer end of 
the scale carries nine long plumose hairs arranged on the tip and inner edge. 

The second maxilliped (fig. 88, Mp. 2) is bent into a knee, and is fringed by sixteen 
plumose hairs. Its exopodite is rudimentary, but longer than in any of the appendages 
which follow. 

The third maxilliped (fig. 88, Mp. 3) is long, slender, six-jointed, with a rudimentary 
endopodite. 

The other three limbs (fig. 88, Tl, T 2, T 3) are six-jointed and they end in enlarged 
chelae. The first is the shortest ; the second is about as long as the third maxilliped, 
and the third is still longer. The fourth is now represented only by a small rudiment 
and a ganglion ; and the fifth is entirely absent, as it has been at all stages. 
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The three pairs of pleopods are alike in structure, and each consists of two joints 
about equal in length (fig. 89). The outer half of the terminal joint is toothed and 
carries six pairs of long slender non-plumose hairs, so arranged as to form a paddle. 

The rostrum (fig. 85) is long and curved, and it has a single secondary spine in its 
upper surface. A pair of very small spines have also appeared at its base. 

This specimen had nearly completed its moult into the stage shown in fig. 90 on 
the last day of my stay at the seashore — five days after fig. 85 was drawn. 

Fig. 90 was drawn from another specimen, ^^ inch long, which was captured at 
the surface on September 25th. 

The eye-stalks are long and very movable, the flagellum of the second antenna is 
considerably longer than the body, the five pairs of thoracic limbs have developed gills, 
and the fourth and fifth pleopods have appeared ; but in other respects the structure is 
nearly as it was in the preceding stage. The endopodites of the maxillipeds are 
pointed, but those of the three pereiopods end in rudimentary chelae. The endo- 
podite of the third pereiopod is much longer and thicker than the others, and its tip 
reaches nearly to the rostrum. 

The buds for the first three pairs of pleopods are long, obscurely jointed, and they 
meet each other on the median Hne. There are as yet no traces of the fourth and 
fifth pairs. The spines on the abdominal somites are long and sharp. Those on the 
first three somites point outwards and forwards, those on the fourth point almost 
directly outwards, and those on the fifth outwards and backwards. The sixth abdo- 
minal somite has lengthened, and is now about as long as those of the others. The 
telson is short and shield-shaped, with two pairs of long and one pair of very short 
spines, and the swimmerets are perfectly formed and fringed with long plumose 
swimming hairs. 

The exopodite is long, narrow, with a smooth outer edge which ends in a tooth, and 
a rounded point It carries fifteen hairs : ten on the inner edge, two on the tip, and 
three between the tip and the tooth. The endopodite is nearly as long and wide as 
the exopodite, and it carries nineteen hairs : two at the end, eight on the outer, and 
nine on the inner edge. 

The ocellus is still present, and the pigment-spots have nearly the same arrangement 
as before, but some of them are now yellow or green instead of red. 

The eye-stalk is about as it was before, and the ocellus is still present and double. 
As regards the more minute structure of the appendages the first antennae are now 
about as long as the carapace, and most of the increased length is in the flagellum, 
which now consists of seven joints. The secondary flagellum is still quite short. The 
shaft of the antenna is three-jointed, as before, but the basal joint is much lengthened, 
and now makes more than half the total length. The auditory organ at its base is now 
very conspicuous, and the inner edge of the shaft carries eleven hairs instead of six ; 
five of these are on the basal joint, three on the second joint, and three on the third. 

The scale of the second antenna has lengthened and is now more than half as long as 

? 2 
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the first antenna, including the flagellum. Its inner end carries eight, and its tip 
three hairs, and the outer edge of the tip is toothed. The swollen base of the flagellum 
of the second antenna carries a large red pigment-spot, and the flagellum, which is 
considerably longer than the body of the animal, is also marked by bright-red pigment 
throughout the greater part of its length. 

The second maxiUiped has become completely bent upon itself, and it bears a close 
resemblance to that of the adult Lucifer^ although it carries a gill, as do the second 
maxillipeds and the three pairs of thoracic limbs. AU traces of the exopodites have 
disappeared from all these append^iges, but their structure and comparative length are 
about as before. 

The first, second, and third pairs of abdominal feet have increased in length, and 
the first is now almost as long as the last thoracic limb. The second is a little shorter ; 
the third is still shorter, and has acquired a second terminal branch, which is as yet 
rudimentary. 

The fourth and fifth pleopods, which have now made their appearance, are much 
smaller than the others, and each has one large and one small terminal branch. 

The swimmerets and telson are very similar to those of the immature Ludfery 
although the telson is shorter and wider. The exopodite has fifteen hairs on its 
inner edge, two on its rounded tip, and four between the tip and the tooth. The 
endopodite has nineteen hairs. The surface of the carapace is finely punctated, and 
the rostrum has no secondary spine. The spine has disappeared from the first 
abdominal somite, and the one on the third somite is longer than any of the others. 
The dorsal surface of the third somite is bent, so that the abdomen is no longer per- 
fectly straight. Large conspicuous red pigment-spots have appeared on the lower 
edges of the second, third, fourth, and fifth abdominal somites. 

As the series of drawings which I have given was made from such a small number 
of specimens, I am unable to contribute much information as to the changes of* the 
mouth parts, and must leave this, as well as the exact determination of the adult form 
and systematic position of the species, to future research. 

In his ' Facts for Darwin ' Fr. Muller has figured a larva (fig. 33) which is 
extremely like, if not identical with the one shown in fig. 90, and he r^ards it as the 
young of a Prawn, closely related to PencBus. Claus has suggested (* Crustacean- 
System,' p. 35) that it is much more likely to prove, to be a yoimg Sergestid than a 
Prawn, and the facts regarding its metamorphosis which I have given above, certainly 
seem to point in the same direction. An earlier stage of development is given in 
Fr. Mullek's fig. 32, and a comparison with my fig. 84 will show that the same larva 
at an earlier stage might, when crushed by a cover glass, present very much the same 
appearance as this larva. If they are the same Fr. Mxtller is certainly mistaken in 
his statement that fig. 33 follows directly after fig. 32, without the intervention of a 
Schizopod stage, for the metamorphosis is really quite complicated, and a true Schizopod 
stage exists, although it is of extremely short duration. 
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VI. — Eelation between the Larv^ of Lucifer, Acetes, Sergestes, Pen^us, 

AND EUPHAUSIA, AND THE SIGNIFICANCE OF THE DeCAPOD ZoEA AND THE 

Crustacean Naupuus. 

The general significance of the peculiar type of Decapod metamorphosis, of which 
Liicifer is now the most thoroughly known illustration, has been discussed with the 
greatest ability and knowledge of the facts by Claus in his * Untersuchungen zur 
Erforschimg der Genealogischen Grundlage des Crustacean-Systems/ My own ac- 
quaintance with the phenomena of Crustacean morphology in general is very far from 
being suflSciently extended and minute to qualify me for a critical discussion of this 
work ; but while the facts in the life-history of Lucifer seem to tend to a similar con- 
clusion, and even to place it upon a much firmer basis than before, they also indicate 
that Claus's views cannot receive unquaUfied acceptance in their present shape. 

I shall not venture at present upon the broader aspects of the question, but I wish 
to draw attention to the resemblances and differences between the various larval 
stages of Lucifer and those of a few closely-related forms. The materials which are at 
present available for a comparison of this kind are extremely scanty, for there is no 
other closely-related form in which all stages, from the egg to the adult, have been 
actually traced in a single species by rearing captive specimens. 

Companson of Lucifer and Acetes. 

The genus which shows the closest similarity to Limfer is Acetes, but in this case 
we are ignorant of both the early and the later stages. During the last "Zo&t " stage 
the resemblance between the two forms is well marked, and is shown in such features 
as the similarity in the shape of the carapace and hind body ; in the length and struc- 
ture of the two pairs of antennsB ; in the mode of locomotion ; by rowing with the 
antennse ; in the presence of an ocellus ; the presence of a spine on the labrum ; the 
close similarity of the mouth parts and maxillipeds ; the rudimentary structure of 
the thoracic limbs and swimmerets ; the total absence of the fifth thoracic somite ; 
and the absence of the first five pairs of pereiopods. Notwithstanding these resem- 
blances the differences are quite conspicuous. The eye is sessile in Lucifer, stalked in 
Acetes. The shaft of the first antenna is one-jointed in iMcifer, two-jointed in Acetes. 
The endopodite of the second antenna has two basal rings in Lucifer, four in Acetes. 
The two lobes of the metastoma are conspicuous in Acetes, and could not be made 
out at all in Lucifer. The abdominal somites are rounded in Lucifer, and spiny in 
Acetes; and the telson is deeply forked in the latter, slightly notched in the former. 
In a word, the resemblances between the two are general rather than detailed, and 
the differences are specific differences of the same character as those between closely 
related adult animals. A comparison of column 2 of Table V. with column 1 will 
show these resemblances and differences in tabular form. 
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If we assume the correctness of the extremely probable assumption that Dohen's 
and Claus's imknown larva is the earliest Protozoea of Acetes, the resemblances 
between it and the corresponding larva of Lucifer (compare fig. 27 with Glaus, fig. 2, 
taf. iv.) are much greater than they are at a later stage. The chief differences are the 
presence in Acetes of rudimentary compoimd eyes ; the great length of the carapace ; 
the absence of a rostrum and spines ; the great number of joints in the first and second 
antenna, and the difference in the length of these two appendages ; the deep notch in 
the telson. The close similarity between the two larvae at this stage will be seen by 
comparing coliunn 1 of Table IV. with column 2. 

After the moult whicli ends the Zoea series the differences between the Acetes 
larva (fig. 89) and the Ltocifer larva (fig. 53) become much greater, although they do 
not obscure the fimdamental similarity between the two forms. In each of them the 
carapace makes less than one-third the total length of the body, and it has a rostrum 
and two antero-lateral, but no postero-lateral or dorsal spines. The first antenna has 
lost its swimming hairs, and has developed one flagellum in each form and two in 
Acetes. In both forms a series of long plumose hairs has appeared on the inner edge 
of the shaft of the appendage. In both forms the second antenna has lost its 
locomotor function and assumed the adult form, but it is rudimentary in Lucifer and 
well developed in Acetes. 

The ocellus is present and the eye stalked and movable in both. 

The fifth thoracic somite and its appendages are entirely wanting in both forms. 
The foiu-th is biramous in Lucifer, and similar to the ones before it, but in Acetes the 
limb proper has disappeared and the appendage is represented only by an exopodite. 
The second and third pairs of maxillipeds, and the first, second, and third pairs of 
pereiopods are essentially alike in structure in both forms, but in Acetes the endo- 
podites are rudimentary, covered by a cuticle, and fimctionless. The swimmerets are 
present and very simUar in the two forms, but the other abdominal appendages are 
absent in Lucifer, while the fii^t, second, and third pairs are developed, but rudimen- 
tary in Acetes. The abdominal somites have acquired ventral spines in both forms, but 
these are very small in Lucifer and long and prominent in Acetes. The telson is long 
tuid narrow in Lucifer and short and wide in Acetes. The relation between the two 
forms at this stage of development will be seen by a comparison of columns 1 and 2 of 
Table VI. 

The later history of the two genera can hardly be divided into parallel stages. 
Lucifer keeps all its Schizopod limbs for at least two more moults, and as shown in 
fig. 54, acquires the rudiments of all the abdominal feet at one time, and before the 
fourth pair of thoracic limbs and the exopodites of the others and of the maxillipeds dis- 
appear, while Acetes (fig. 85) loses its exopodites at once, and the maxillipeds, thoracic 
limbs, and antennae become like those of an adult Sergestid some time before the appear- 
ance of the five pairs of pleopods ; and these do not appear together, but in two sets. 

It is interesting to note that although the changes which the two forms undergo 
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at successive moults do not admit of exact comparison with each other ; the outcome, 
af);er a few moults, is almost exactly the same, as will be seen by a comparison of 
fig. 60 with fig. 90. 

The number and character of the somites and appendages is now the same, and 
while the two forms differ greatly in outline and proportion, the young Acetes is 
essentially like the young Lucifer, except in the length of the flagellum of the second 
antenna, the presence of chelsB on the thoracic limbs, the presence of gills, and the 
absence of a " neck. " The outcome of the process of development is alike, but the 
paths followed diverge from each other to converge again at this stage. 

Compaiison of Lucifer and Sergestes. 

The metamorphosis of Sergestes is more Uke that of Lucifer than is the case with any 
other known Crustacean except Acetes, but our knowledge of the development of 
Sergestes is incomplete, and we have no assurance that the various stages which have 
been described belong to the same species. 

In 1870, DoHRN described a remarkable larva (" Untersuchungen Uber Bau und 
Entwickelung der Decapoden, No. 10, Beitrage zur Kenntniss der Malacostraken und 
ihrer Larven, Part 4, Beschreibung einer neuen Decapoden-Larve," Zeit. £ Wiss. 
ZooL, XX., p. 607) which he collected at the surface at Messina, and which he was 
unable to refer to any adult form. He proposed for this larva the provisional name 
Maphocaris. JElaphocaris is a Zoea which so far as its appendages are concerned 
does not differ much from the last Zoea of Lucifer, but its abdomen is very spiny, 
and the spines on the carapace are drawn out so that each one of them is nearly half 
as long as the body, and they are fringed with rows of long secondary spines which 
are hooked at their tips, and so arranged as to give to the body a very grotesque 
appearance, and the larva does not, at first sight, show any similarity to the simple 
Erichthina larva of Lucifer. 

Claus had several years before described (" Ueber einige Schizopoden imd niedere 
Malacostraken Messinas," Zeit. f. Wiss. Zool., xiii., 1863) a larval Crustacean with 
swimmerets, biramous thoracic limbs, and a very spiny body, which he calls an 
Acanthosoma. This same larva, or a very closely related form, had been figured and 
described nearly twenty-five years before by Dana (* Crustacea,' p. 664, plate 44, 
fig. 5) as Sceletina armata. 

In the same paper Claus gives a figure of a yoimg Crustacean, which had previously 
been described by Leuckart under the name of Mastigopus, and shows that it is in 
all probability a young Sergestes. 

In his ' Untersuchungen zur Erforschung,' &c., he describes an Elaphocaris at a 
much younger stage than Dohrn's figure, and shows that this larva, Dohrn's 
Elaphocaris, his own Acanthosoma, and Leuckart's Mastigopus are successive stages 
in the development of Sei^gestes. 
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From independent researches in the South Pacific, Willemoes-Suhm also ascertained 
(Proc. Royal Soc, Dec. 9, 1875, p. 133) that Elaphocaris is the larva of Sergestes, and 
he traced its development through the AcantJwsoma stage, which, from its resemblance 
to Amphion, he calls the Amphion stage. 

These various observations, and especially those by Claus, give us a pretty complete 
acquaintance with the metamorphosis of Sergestes from the first Protozoea stage to 
maturity. 

The first Protozoea (Claus, * Untersuchungen,' taf. v., fig. 1) has, like the Protozoea 
of Lucifer^ locomotor antennae, a spine on the labrum, a partially segmented hind 
body, and a very spiny telson. The mandibles, first and second maxillae, and first 
and second maxillipeds are like those of the corresponding Lucifer larva. In addition 
to the spiny carapace it presents the following conspicuous difierences from the Lucifer 
larva. The eyes are stalked, movable, and compound. The first antenna has seven 
job,. The Lopodite of the seoond antenna L no smaU rings at ite W There 
is a third pair of maxiUipeds. Five thoracic somites are represented in the figure. 
The telson is very deeply cleft. The relation between the larva and the fii^t Protozoea 
of Lucifer will be seen by a comparison of colunms 1 and 3 of Table IV. 

The next stage which Claus describes (taf. vi., fig. 1) is no doubt separated from 
the first by one or more intermediate stages. The rostrum has developed a pair of 
long secondary compoimd spines at its base, which do not correspond to anything in 
the corresponding larvae of Acetes and Lucifer. 

The thonujic limbs are represented by >e pairs of rudimentary bilobed buds. There 
are five free abdominal somites without appendages, and the sixth and telson are 
represented by an imsegmented region, which carries a pair of long bUobed pouches, 
tlie rudimentary swimmerets. 

The relation between Elaphocaris and the corresponding larvae of Acetes and Lucifer 
may be understood by a comparison of column 3 of Table V. with columns 1 and 2. 

In the next or Acanthosoma stage (* Untersuchimgen,' taf. v., fig. 6) the two pairs of 
antennae assume the adult form, and the thoracic limbs and swimmerets become 
developed as they do in Lucifer, and the carapace loses its posterior spines, although 
there are three in place of one pair of anterior spines. The telson is distinct ftx)m the 
last abdominal somite, and all the abdominal somites have projecting spines. 

The eye-stalks are much longer than they are in the other two forms. The first 
antei^na has a secondary flagellum, as in Acetes, and the scale and flagellum of the 
second antenna are well developed. 

The exopodites of the maxillipeds and pereiopods are very long, many-jointed, except 
in the first maxilliped, and they are longer than the endopodites in all the pereiopods. 

The fifth pair of pereiopods are present and like the others. The swimmerets are 
very long and slender, and the telson very short and forked. 

This stage, like the corresponding stage of Lucifer^ and unlike that of Acetes, 
persists for more than one moult, and the five pleopods make their appearance 
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together, as rudimentary buds, before the exopodites of the pereiopods and maxillipeds 
disappear. 

The third cohimn of Table VI. shows the resemblances to Lucifer and Acetes at 
this stage. 

In the immature or Mastigopus stage (see Glaus's ' Ueber einige Schizopoden und 
niedere Malacostraken, Messinas ' ) the three forms are almost exactly alike, except 
as far as the generic distinctions are concerned, and the young Sergestes scarcely 
differs from the young Lucifer except in the absence of a neck, the length of the 
flagellum of the second antenna, and the presence of rudiments of the fourth and fifth 
pairs of pereiopods. 

Comparing the whole course of development of the three fonns, as far as it is known, 
we notice that while the lai-val stages of Sergestes are much more different than those 
of Acetes from the corresponding stages of Lucifer^ the character of the change at 
each moult is much more like what we have in Lucifer than what we have in Acetes. 

We cannot fail to notice, in the second place, that the attempt to express the fact« 
of the metamorphosis of these forms, so far as we know them, in a tree-like diagram, 
would result in a tree placed upside down, with the bmnches which represent the 
three Protozoeas much more divergent than those which represent the three young 
Sergestids. A similarity of type runs through the whole metamorphosis, but it is 
no more marked at the early stages than it is in the late stages, while the secondary 
differences are much more conspicuous during the Zoea and Acantlwsoina stages 
than they are as we approach the adult form. 

While this is true it is also true that if we imagine a metamorphosis which 
shall agree with these three in all their common features, but shall have none of the 
features which they do not all share, we shall have something much more like the 
metamorphosis of Lucifer than that of Acetes or Sergestes, and we must therefore 
regard the life-histories of these three forms as somewhat divergent modifications of a 
form of development which is at present more closely adhered to by Lucifer than by 
the other two, and in this metamorphosis we must recognise a Frotozoea stage when 
the two pairs of antennae are locomotor, the ocellus present, the labrum furnished with 
a spine, the carapace armed with posterior dorsal and lateral spines and a rostrum ; 
the two pairs of maxillsB, and two pairs of maxillipeds present, and the thoracic and 
abdominal segments without appendages. This stage persists, with slight modifi- 
cation^ through several moults in all of them, and is followed by an Acanthosoina stage, 
in which the carapace has a rostrum and antero-latei*al spines, and a smooth posterior 
edge ; the eyes are stalked ; the two pairs of antennae have their adult character ; 
there are at least four pairs of pereiopods with swimming exopodites ; the swimmerets 
are large and have their adult form, and the other abdominal appendages are absent. 
The duration of this stage and the mode of transition to the next varies in the three 
forms, but it is followed in all by what may be called a Mastigopus stage, characterised 
by the general features of the family. 

MDCOCLXXXII. Q 
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In all three forms the somites, and with the exception of the swimmerets the 
appendages also, develop in serial order from in front backwards. 

The interesting question whether we are to attribute to this typical form of develop- 
ment a fifth thoracic somite and appendages must, I think, be left in doubt. A 
comparison of the Sergestid larvae seems to indicate its absence, but wider comparison 
with PencBus and the Schizopods seems to lead to the opposite view. 

Comparison of Penseus with the SergestidcB. 

In order to render the comparative tables as complete as possible, I have added 
columns showing the corresponding stages of Penceus and Euphausia, 

Fritz Muller has described a number of stages in the development of a species of 
PencBUs (" Verwandlimg der Gameelen," Arch. f. Naturgeschichte, 1863, pp. 8-23, 
taf. ii.). The series commences with a Nauplius which may belong to the same species, 
although we have no certainty of this. In a second paper (** Ueber die Naupliusbrut 
der Gameelen," Zeit. f. Wiss. Zool., xxx., 163-166) he gives, in reply to doubts which 
had been expressed to him by Spence Bate, Alex. Agassiz, Paul Mayer, and 
others, the following reasons for believing in the specific identity of all the forms in 
his series : — 1st, the peculiar mode of locomotion ; 2nd, the resemblance in colour ; 
3rd, the great length of both paii-s of antennae ; 4th, the character of the mandible ; 
5th, the presence of four pairs of buds in the Nauplius, and four corresponding pairs 
of limbs in the Zo'ea; 6th, the similarity in the structure of the heart, digestive tract, 
and liver in the Nauplius and the youngest Zo'ea ; 7th, the presence of frontal organs 
in both stages. As all the points except the colour would apply to any Crustacean 
which passes through a Protozoal stage, there is certainly nothing more than a pre- 
sumption that the whole of his series represents a single species ; but as there is no 
doubt that the Nauplius belongs to Penceus or to some closely -related form, I have 
included it in the table. 

Fr. Muller's account of the later stages is supplemented by a few additional 
observations of other species by Claus (** Untersuchungen," &c., pp. 11 and 41, taf. iL 
and iii.), and I have compiled the columns in the tables from both sources. 

The first Nauplius stage (Table II., column 3) appears to be more simple than that 
of Lucifer, as Muller failed to observe any buds to represent appendages posterior to 
the mandibles. 

The Nauplius stage is followed by a metsL-Nauplius stage (Table III., column 2), 
which is distinguished from that of Lucifer by the great size of the blade of the 
mandible, by the presence of frontal organs, and by the shortness of the carapace. 

The next stage is a Protozoea (Table IV., column 5), with a rounded carapace 
without spines or rostrum, four basal rings and six terminal joints in the endopodite 
of the second antenna, a spine on the labrum, two pairs of maxilldB, two pairs of 
maxillipeds, and a long hind body which, according to Claus, is divided into six 
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thoracic and five abdominal somites, and terminates in a deeply-forked telson with 
seven pairs of spines. 

This stage persists with slight change for several moults, and at the last the buds 
for the thoracic limbs and swimmerets appear. According to Glaus, the rudiments of 
all the abdominal appendages can be seen at an earlier stage. 

The passage from the last of the Protozoea series to the first Schizopod stage is 
attended by a complete change in the structure of the antennae, and these now assume 
the adult form. The carapace also acquires two antero-lateral spines and two more 
at the base of the rostruoL At this time it is much like Liccifer, as shown in column 4 
of Table VL, but the endopodites of the third pair of maxillipeds and of the pereiopods 
are rudimentary, and shorter than the very long-jointed exopodites. 

The significance of the various stages in the metamorphosis of the higher Crustacea 
is one of the most interesting questions in the whole field of morphological science, 
and it has given rise to at least its due share of speculation, but it will not be out of 
place to examine the relation between the facts which have been described and the 
various theoretical views which have been expressed upon the subject. In the case 
of the SergestidsB it is obvious, in the first place, that the adult Lucifer and Acetes 
also, i£ Acetes be an adult, are little more than mature representations of tlie Masti- 
gopiis stage, compUcated in the case of Lucifer by the formation of a neck, and in the 
case of Acetes by the presence of gills, and chelae on the pereiopods. There can also 
be little doubt that the Schizopod stage of development in the Sergestidae and Penceus 
bears a similar relation to the adult Schizopods, especially to Amphion^ the adult 
character of which seems to be established by Willemoes-Suhm's observations (Proc. 
Roy. Soc, Dec. 9, 1875). 

The significance of the Zo'ea stage in the higher Decapods is one of the most vexed 
points in Crustacean morphology. We have shown that in the Sergestidae and in 
PeiuBus the so-called Zoea stage is nothing but a preparation in the Protozoea for the 
next or Schizopod stage ; that it involves no changes of structure except those which 
are related to the form which it is to assume after the next moult, and that the Zo'ea^ 
as a distinct stage, is absent. The life-history of these forms would therefore lead us 
to suspect that the Brachyuran Zoea is a secondary modification of the more primitive 
Protozoea^ and we may perhaps see in the larval skin which many Crab-ZoeJas shed 
soon after or even before they leave the egg, and which usually has a conspicuously 
forked and very spiny telson — a remnant of the unmodified Protozoea stage. 

DoHBN ('Geschichte des Krebsstammes, Jenaische Zeitschr.,' 1871) and Fritz 
MtJLLEB ('Fttr Darwin') have held that the typical Zoea, with segmented abdomen 
and suppressed thorax, is the ontogenetic recapitulation of an ancestral form which 
has formerly existed as an adult, and Dohrn even goes so far as to recognise the still 
more remote ancestor of this Zoea type in an embryo (" Untersuchungen iiber Bau 
und Entwickelung der Arthropoden; eine neue Nauplius- form: Archizoea gigas," Zeit. 
f. Wiss. Zool., XX., 597), which Willemoes-Suhm has recently shown (''On the 
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Development of Lepas fascicularis and the 'Archizcea' of Cirripedia," by K von 
WiLLEMOES-SuBM, Ph.D., Proc. Roy. Soc, Dec. 9, 1875, pp. 129-130) to be the 
Nauplius of a Barnacle, in all probability Lepas aicstralis. 

Glaus, on the other hand, believes that the Zoiki has no such ancestral significance 
(" Untersuchungen," &c., p. 31). That it has been formed by secondary modification 
of the Protozo'ea, and that the views of Muller and others, that the Zoea presents a 
picture of the remote ancestor of the Malacostraca, is fundamentally erroneous ; and 
not only this, but that the Protozo'ea itself is the result of the extreme secondary 
modification of an ancestral form which Glaus proposes to call an Urophyllopod, and 
which he believes to have had the following characteristics (" Untersuchungen," p. 23) : 
A greatly developed shield-like carapace, produced by a fold of the integument in the 
region of the maxillaB, and probably armed with median and unpaired spines; two 
maxillary segments and appendages, eight somites of the mid-body with appendages, 
and six abdominal somites with swinmaerets and telson ; a many-chambered heart ; 
compound eyes, probably stalked; a first antenna with sensory hairs; locomotor 
second antennae, in which the exopodite was probably a scale ; the mandible probably 
lacked a palpus ; the metastoma was represented by a pair of paragnathi ; the maxillae 
had their basal joints modified for mastication, their endopodites reduced to a jointed 
palp, and the exopodite modified to form a scoop or scaphognathite for regulating the 
flow of the respiratory current under the carapace. 

The following eight pairs of appendages were more like Schizopod feet, and each of 
them carried a basal gill-plate ; the six pairs of abdominal appendages had large basal 
joints with two branches and gill- plates. 

Glaus believes that we may recognise in Nehalia, which has stalked eyes, a scale 
on the first antenna ; only one long flagellum on the second antenna ; a mandibular 
palp ; a highly specialised, long jointed endopodite on the first maxilla > two long 
limb-like rami on the second maxilla ; eight pairs of phyllopod-like thoracic limbs with 
jointed endopodite, flat, spiny exopodite and gill ; six pairs of pleopods, the last two 
rudimentary ; and a seventh somite between the sixth abdominal somite and the 
deeply-forked telson (" Ueber den Bau und die Systematische Stellung von Nebalia,*' 
Zeit. £ Wiss. ZooL, xxii. p. 323-330), a very slight modification of this ancestral 
Urophyllopod. 

He gives on pages 69-71 of his *' Untersuchungen," Ac, a long, minute, and 
extremely ingenious explanation of the way in which this Urophyllopod stage of 
development became converted by secondary modification into the Malacostracan 
Protozoea^ and afterwards, by still greater modification in the same direction, into 
the typical Zoea of the higher Decapods. 

The facts which have been detailed and tabulated with reference to the metamor- 
phosis of the SergestiddB and Peiiceus seem to substantiate at least a portion of t^is 
view, and to show that the typical Zow is a secondary modification of the Protazoea ; 
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but a comparison of these forms with the metamorphosis of Etiphaima, upon which 
Glaus lays especial emphasis, seems to demand a directly opposite interpretation. 

If the Zoea has been produced by a secondary modification of the Protozoea we 
should expect to find the characteristics of the Protozoea better preserved in the 
Schizopods than in the lower Decapods, and if we find in the Schizopods certain 
features of the typical Zom, which are absent in the Protozoea of the lower Macroura, 
we can hardly accept without question the interpretation which sees, in secondary 
modification of the latter, the origin of the Zoea. In Euphausia the somites appear 
in regular succession, firom in front backwards, but the somites of the abdomen 
acquire appendages before the pereiopods appear, and there is a stage when the 
abdomen is fully developed and the thorax almost absent ; a stage which, therefore, 
resembles the Brachyuran Zoea more perfectly than any stage in the development 
of lMcifei\ Acetes, Sergestes, or Penmis. 

We have no complete history of any one species of Euphaitsia, but the observations 
of Metschnickoff (Zeit. f. Wiss. ZooL, xix., pp. 479-481, and xxi., pp. 390-401), 
and Claus (Zeit. f. Wiss. Zool., xiii., pp. 442-454, and " Untersuchungen,*' &c., 
pp. 9 and 33) give us a tolerably complete account of the metamorphosis of the 
genus. 

Mbtschnickoff's larva is extremely like that of Lucifer, although there are many 
differences. It is interesting to note that it leaves the egg in a much more rudi- 
mentary form, passes through a greater number of moults, and attains to much greater 
structural complexity than Lucifer duriDg the Nauplius stage. We can select 
three stages which agree pretty closely with the egg Nauplius, the first free Nauplius 
and the last, or meta-i\^at^p/iu5, of Lucifei\ but between, after, and before these stages 
there are others which are not found in Lucife7\ 

The youngest Nauplius (Zeit. ZooL xxi., fig. 2) is so much less advanced than the 
egg Nauplius of Lucifer six hours before hatching, that it does not seem probable that 
it normally leaves the egg in this condition. 

It has an oval body, without ocellus, mouth, or labrum, and there is no trace of 
more than three pairs of appendages or of the carapace. At the next stage the 
swimming hairs of the first three pairs of appendages are fully developed, and the 
anus, notch, and two spines of the telson are present. In these respects it is more 
advanced, but in the rudimentary condition of the labrum and metastoma less 
advanced, than the first free Nauplius of Lucifer. The buds for the first and second 
maxillae and the first pair of maxillipeds are present, but continuous across the median 
line of the body. According to Metschnickoff, the larva shown in fig. 3 of his first 
paper is in the next stage of development ; but I can scarcely believe that it belongs 
to the same species, for the ocellus is absent, and the hairs on the three pairs of 
locomotor appendages are much more rudimentary than they are in fig. 3 of the second 
pupa. 

The next stage (fig. 4) of the second paper agrees with the first firee Nauplius of 
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Lucifer^ so far as the form and number of the appendages is concerned ; but the last 
pair of buds are biramous, and the carapace and telson are well developed. The next 
stage (fig. 5) of the second paper is more advanced in nearly every respect than the 
second free Natiplius or meta,-NaiipHiLS of Liccifer. The mandible is rudimentary, but 
still bilobed, with no trace of a blade. The outline of the carapace is free from the 
body, and its anterior and posterior edges are spiny. It has frontal organs, and the 
basal joint of the second antenna carries five recurved hooks. 

According to the author, figs. 2 and 3 of the first paper show the next stage ; but 
the structure of the hairs on the antennae, the fact that they are plumose, and the 
very deep notch in the telson, seem to indicate that this is another species. However 
this may be, the structural complexity at this and the next (first paper, fig. 6) stage 
is much greater than we find it in Lucifer at the end of the Nauplius series. 

It will be observed that, while Metschnickofp's larva and the Nauplius of Lucifer 
are essentially alike, there is at no time an actual agreement, since certain structures, 
as the carapace, become developed earlier, and others, as the labrum, later than they 
do in Lucifer ; and certain structures, as the frontal organs and the hairs on the base 
of the antennae, are entirely absent in Lucifer. 

In column 4 of Table II. I have compared fig. 4 of Metschnickoff's second paper 
with the first free Nauplius of Lucifer^ and in column 3 of Table HI. his fig. 5 with 
the last Nauplius stage of Liccifer. 

The various Protozoea stages are shown by Glaus in plate 1 of the " CTnter- 
suchungen," &c. The early Protozoea (Table IV., column 5) is much like that of 
Lucifei% but the carapace is serrated, there is only one pair of maxillipeds, and, 
according to Glaus there is a fifth thoracic somite. In the last Zoea stage (Table V., 
column 5) all the abdominal somites and the rudimentary swimmerets are present, but 
there is no trace of the second and third pairs of maxillipeds or of the pereiopods. 

Up to this point the course of development has followed essentially the same line 
as in the SergestidcB, but, as we should expect, the Protozoea series is not followed by 
a larval Schizopod stage, but by a series of moults during which the adult characteris- 
tics are gradually acquired. In the loss of the posterior spine of the carapace, the 
acquisition of antero-lateral spines, and the change in the antennae from the Nauplius 
form to the adult form, the moult is like that of PencBus and the Sergestidae ; but the 
second and third maxillipeds and the pereiopods appear one at a time in succession 
from in front backwards, and the abdominal feet appear before the pereiopods. There 
is no Zoea stage it is true, but the course of development differs from that of Penceus 
and the Sergestidae in the very feature in which the larvae of these forms differ from 
a typical Zoea-the iiregular manner in which the pereiopods appear. 

I am therefore imable to give Glaus's interpretation of the significance of these 
larvae unqualified acceptance at present, and feel that oxxr groundwork in this depart- 
ment of knowledge can be made sure only by new observations. Every naturalist 
who can trace the whole life-history of a single species of any of the genera of lower 
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Malacostraca by actual moults, will not only help us to a sound and thorough appre- 
ciation of the significance of Crustacean embryology, but will also contribute to a 
better knowledge of the relation between ontogeny and phylogeny in the whole 
province of biology. 

The phylogenetic significance of the Naupliics stage of development seems to me to 
rest upon a much firmer basis, and there are many reasons for believing that this is 
really an ancestral form. Its occurrence in so many widely -separated groups of 
Crustacea shows its great antiquity, and if it does not represent the adult form of the 
ancestral Crustacea, but a later larval form which has been produced by secondary 
modification of the original couree of development, this secondary modification must 
have taken place very early in the history of the group, at a time when the adult 
forms were very primitive and unspecialised. A sufiicient difference between the 
habits and surroundings of a young animal and those of the adult to favour secondary 
modification of the young is much less probable in an early unspecialised form, with 
simple habits, than it is in later and higher forms ; and the older a larval form can 
be shown to be, the more probable does it become that it at one time existed as an 
adult 

The great age of the Nauplius stage and its definite structure therefore indicate 
that it is ancestral, and nothing except the supposed necessity for believing that the 
primitive Crustacean had a great number of somites and appendages seems to oppose 
this view. 

I shall try to show further on that the serial homology shown by the parts of the 
body of one of the higher Crustacea cannot be fully accounted for by assuming, with 
Balfour (* Comparative Embryology,' p. 418), that the primitive Crustacean had, in 
addition to its three pairs of appendages similar to those of existing Nauplii, a long 
segmented body with simple biramous appendages ; and I shall also try to show that 
this homology can be accounted for without any such supposition, so that the 
peculiarities which Balfour points out — 1st, that the mandibles have the fonn of 
biramous swimming feet ; 2nd, that the second pair of antennae are bii-amous swim- 
ming feet ; 3rd, that the body shows no traces of segmentation ; 4th, that the heart is 
absent ; 5th, that the ocellus is the sole organ of vision — miist be allowed their fiill 
weight, and must not be opposed by any d priori assumption of the theoretical need 
for a greater number of somites and appendages. 
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VII. Serial Homology and Bilaterai* Symmetry in the Crustacea, 

The Phyllopods and the highest Brachyura are connected with each other by a 
tolerably complete series of intermediate forms, and as we pass this series in review 
we cannot fail to notice that, as has been so frequently pointed out by morphologists, 
each successively higher form is a little in advance of the one next below it in the 
degree to which the functions and structure of the somites and appendages are 
subordinated to the individuality of the organism as a whole. 

In the lower forms the body is made up of a series of nearly simUar somites, and 
the appendages, with the exception of those at the anterior end of the body, are 
essentially alike in structure and their functions are indentical throughout the series. 
The greater part of the body of such a Crustacean as Artemia consists of a series of 
similar somites, and in Apus we find more than sixty pairs of limbs which agree with 
each other so perfectly in function as well as in structure that any one of them might 
be substituted for any other without involving any essential change in the structure 
of the animal as a whole. 

At the other end of the series we have Crabs with the primitive distinctness of the 
somites so obscured by the centralised individuality of the whole organism that it 
cannot be traced at all without careful study and comparison of various stages in the 
life of a number of forms. 

Comparing the various appendages of a Crab with each other we find that their 
functions are not at all alike. The mandibles are nothing but masticating organs, and 
the power which they once had, and which they still retain in the Nauplius of Lucifer 
to aid in locomotion, has entirely disappeared. 

Other appendages have become organs for procuring food, or weapons of offence or 
defence ; others have become walking legs ; others long oars or paddles ; others again 
have lost all limb-like functions, and are changed into accessory reproductive organs ; 
whilst others again have entirely disappeared. 

In accordance with this specialisation of each appendage to a particular fimction, a 
corresponding structural change has been brought about, and it is only after careful 
study of the younger stages that we perceive the mandibles, maxillae, foot-jaws, 
walking and swimming legs, and copulatory organs of an adult Crab to be as strictly 
homologous with each other as are the unspecialised appendages of Apus. 

The integration of the somites into a centralised whole has been accompanied by a 
differentiation of each appendage from the others, and a specialisation to a restricted 
function. 

An adult Crab resembles and differs from one of the higher Macroura in about the 
same way that it resembles and differs from its own Megalops larva, and the transition 
fi'om the larval form to the adult form is accompanied, like the transition from an 
adult low Crustacean to a high one, by increased dependence of the various parts on 
each other, by the increased prominence of the general individuality over the indivi- 
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dualities of the somites or metameres, and by the increased structural and fiinctional 
specialisation and differentiation of each appendage as compared with the others. 

This series of changes is so well exemplified by the study of adult and larval 
Crustacea ; it is so remarkable and interesting ; so very conspicuous and unquestion- 
able, that it has long attracted the attention and called forth the speculation of 
morphologists. It is natural to suppose that the process of change which is open to 
our observation through study and comparison of living Crustacea, is a continuation 
of a similar process which went on in the remote past. There seems then at first 
sight to be reason for believing that, if we could go far enough back, we should find 
the individuality of the whole organism gradually disappearing and giving place to 
the separate individualities of the component somites ; that we should find the 
specialisation of the appendages gradually disappearing, until we should at last find, 
as the remote ancestor of the Crustacea, a series or community of independent 
organisms, each one essentially like the others, and able to provide for its own wants 
and to lead an independent existence when accidentally or naturally detached. 

This view has been advocated at length by ELeckel ('Generelle Morphologic,' 
1866) and by Spencer (* Principles of Biology,' vol. xi., 1867), and used by both 
these writers as an explanation of the origin of all segmented or compound animals 
and plants. It has been accepted, with more or less qualification, by many other- 
writers, although Huxxey (' Oceanic Hydrozoa ') and Metschnickoff (Zeit. £ Wiss. 
ZooL, xxiv.) have pointed out that, even in the Siphonophorae, where the individualities 
of the units in the compound are extremely well marked, the view that the oiganism 
has been evolved by the gradual integration and specialisation of originally inde- 
pendent Zooids is attended with serious difficulties. 

So fiur as we can see there is no reason why the Crustacea might not have originated 
in this way, by the gradual integration and difierentiation of a community of inde- 
pendent metameres, but the evidence which is attainable seems to directly oppose the 
belief that this has actually happened. We are able to trace the higher Decapods 
back, very satisfactorily, to a Phyllopod-like ancestor with a long series of undif- 
ferentiated somites and appendages, but even here the somites are simply parts of 
the body, and they furnish no more evidence than those of a Crab to show that they 
ever were the independent organisms of a community. 

When we attempt to go still further back we find that the facts of embryology, if 
they show any thing whatever about the phyllogeny of the Crustacea, lead us back to a 
Nauplius with three inter-dependent somites and three pairs of specialised appendages, 
rather than to a form with a great number of unspecialised somites and similar 
appendages. 

Turning now to a somewhat different aspect of the subject, we notice that, if we 
confine ourselves to structure, and leave out of sight the question of origin, there is 
the closest similarity between serial homology and the homology between the corre- 
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8poD(ling organs of allied animals which Owen has proposed to distinguish by the 
term " special homology." 

The structural relation between one appendage of Lucifer^ say the first pereiopod, 
and another^ such as the swimmeret, is identical with the relation between the pereio- 
pod of Lucifer and that of Squilla, or a Crab or Lobster. In both cases we have a 
fundamental similarity of plan, which is independent of external conditions ; and joined 
to this essential similarity, we have a more superficial diversity of structure which is 
plainly due to difference in the functions of the appendages, and their relations to the 
external world. The resemblance between the two kinds of homology does not stop 
here. Tracing the ontogeny of the appendages we find that there is much less differ- 
ence between the larval pereiopods of I/ucifer and those of the Lobster than there is 
between the appendages of the adults, and we find exactly the same thing when we 
compare the pereiopod and swimmeret of the same individual at earlier and earlier 
stages of development. 

There is precisely the same resemblance between symmetry and special homology. 
The right and left claws of the Common Crab (Callinectes) are not exactly alike, since 
the cutting edge of one claw is sharp and set with pointed teeth, while the edge of 
the other is thick, with thick blunt crushing tubercles. The two appendages are alike 
in plan or homologous, but each is fitted for a specialised function by a slight structural 
peculiarity. In this case, as in the others, the differences are less marked, and the 
common plan more closely followed, in the larva than in the adult. 

Serial homology and bilateral symmetry are thus seen to be like special homology 
in all purely structural features. In each case the homology is a resemblance which 
is independent of external conditions, but which may be obscured by secondary modifi- 
cations whenever external conditions render it necessary. 

In each case, too, the secondary modifications become less marked, and the underlying 
plan more evident as we pass back from the adult to earlier and earlier stages of deve- 
lopment. We must therefore include all three kinds of homology in a single class or 
category, and the employment of one term to denote the phenomena of special homo- 
logy, of another for serial homologies, and a third for bilateral homologies, and others for 
other sorts of general homology must not be allowed to obscure the fact that they are 
all different forms of the same thing, essential similarity joined to superficial diversity. 
The terminology which has been employed by Bronn, H^ecrbl, Lankesteb, and 
others for the different kinds of homology is valuable, and the only reason why I 
have not made use of it is that the more familiar terms, * ' serial homology " and * ' bi-lateral 
symmetry" answer every purpose equally well in treating of the Arthropods. H.«ckel's 
subdivisions are natural, but they are simply subdivisions of a great class of similar 
phenomena, which must still be included imder the general term " homology." 

Special homology may be defined in two ways, morphologically and phylogenetically. 
From the morphological point of view an homology is a similarity in essential plan of 
structure, which may be obscured by differences due to diversity of function. From 
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the phylogenetic point of view it is a resemblance which is due to community of origin 
or heredity from a common ancestor, while the differences between homologous 
organs are due to the divergence of allied forms, and to the selection and perpetuation, 
through natural selection, of variations which are in accordance with changed conditions 
of life. 

Now are the phenomena of serial and lateral homology like those of special homology 
in this second or phylogenetic sense, as well as in a morphological sense ? 

On the assumption that the remote ancestor of the Crustacea was a community of 
independent organisms, all of which had inherited their organisation from the same 
parent, we might answer that serial homology is like special homology when viewed 
from a phylogenetic stand-point, and if we assume that this series was at first double, 
and that the progress of centralisation suppressed one side of each metamere as the 
community became gradually fused into a bilateral organism, we may make the same 
statement regarding symmetiy. 

A process of evolution of this sort is not impossible, and in some cases there seems 
to be evidence that it has actually occurred. Pyrosoma is clearly a community of 
independent Ascidians, which has been brought by natural selection into a form which 
has a certain degree of individuality of its own, independent of that of the component 
units ; although in this case the peculiar form of the community has called for little 
differentiation, and the polymorphism is therefore very slight. 

The salpa-chain is a bilateral community, and in Doliolum we have* a similar 
community which exhibits considerable polymorphism. If this process were carried 
a little further we might ultimately have a bilaterally symmetrical organism in which 
corresponding parts in the series or on opposite sides should be strictly homologous by 
descent ; but we are not therefore justified in assiuning that all instances of serial and 
lateral homology have originated in this way, and even if we were a more careful 
analysis will show that the assumption does not remove all the difficulties. 

If we grant, for the sake of argument, that the Crustacea are not the descendants 
of a NaupUus, but of a remote ancestor which consisted of a community of independent 
metameres, we shall still be forced to recognise a bond of relationship between the limbs 
of a Decapod, which is very much more recent than that which they owe to common 
descent from the parent of the group of Zooids which formed the ancestral commimity. 

A reference to the figures will show that the first, second, and third thoracic limbs 
of the adult Lucifer agree with each other, or are homologous, in certain features which 
are not present in a Schizopod. The exopodite is absent and the endopodite is long 
and slender in all of them, and it carries short hairs along its entire length, while, in 
the Schizopod-larva, the exopodite is present, and the long hairs are restrict^ to the 
tip of the stout endopodite. We must therefore recognise a bond of union or homo • 
logy between these three appendages which has determined that they shall be like 
each other in the adult Lticifer, and the assumption that this similarity is due to 
heredity from the parent of the imaginary metameres which joined together to form 
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the primitive Crustax^ean is out of the question, for we know that no further back 
than the Schizopods these appendages had quite a different structure. 

The study of serial or lateral homology in other groups of animals forces us to the 
same conclusion, and compels us to recognise a persistent bond of union between 
them which cannot be due to what we usually understand by heredity. 

On the assumption that the Vertebrates are the descendants of a community of 
metameres, the genetic relationship between a man's arm and a bird's wing must be 
almost infinitely closer than that between a man's arm and his leg, and this again 
much more recent than that between his right and his left arm. The arm and wing 
inherit their homology from the anterior limb of the common ancestor of man and the 
birds, but man's arm and leg have no common ancestor more recent than the limb of 
the parent of the imaginary metameres which gave origin, by their union, to the ancestor 
of the Vertebrates, and the common ancestor of the right and left arms must have been 
still more remote. 

When we compare man's arm and leg we find that they have homologous features 
which are not only more recent than the time when man's ancestors diverged from the 
ancestors of the birds, but more recent than the separation of the anthropoid and 
simian stems. They resemble each other in the texture of the skin and in the shape 
of the nails, and these resemblances are strictly homological, that is, they are not 
due to external conditions, but in spite of them ; and we meet with countless similar 
resemblances all through the animal kingdom. They are not accounted for by the 
" metamere " theory, even if this is fully accepted, for in many cases they are not old, 
but are of recent acquisition. 

In the case of the Crustacea the assumption that the remote ancestor of the group 
had a many-jointed body does not account for them ; and as the supposed necessity 
for an explanation of serial homology is the only reason for believing that this remote 
ancestor had a great number of body-segments, it is clearly illogical to reject the 
embryological evidence that this ancestor was a three -jointed NaupHuSy in order to 
hold an hypothesis which fails to account for the facts which are supposed to render it 
necessary. 



Explanation of the Plates. 

All the figures where the magnifying power is not stated were drawn with a power 
of 160 diameters (Zeiss, Oc. 1, Obj. D) ; but the actual amplification of the drawings 
is not uniform. In copying the original sketches it has been convenient to reduce 
the size of some of them, and no inference as to relative size should be drawn from 
any of them except where measurements are given. 

In order to render the figures as truthful and lifelike as possible, the animals were 
subjected to very little confinement while under examination, and as their incessant 
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and violent movementa rendered the use of a camera impossible, they are not drawn 
to a fixed scale. 

In all the Plates the capital reference letters are used to denote the same parts, as 
follows : — 

A. First antenna. 

A. \ to A. 6. The series of abdominal somites. 

An. Second antenna. 

C Carapace. 

E. Compound eye. 

Z. Labrum. 

M. Mandible. 

Mp. 1, Mp. 3, Mp. 3. The first, second, and third maxUlipeds. 

Mx, 1, Mx. 2. The first and second maxillffi. 

Oc. Ocellus. 

PI. \-Pl. 6. The six pairs of abdominal appendages. 

Pr. \-Pr. 4. The four pairs of thoracic limbs. 

R. Rostrum. 

T. \-T. 4. The four thoracic somites. 

T. Telson. (27. in Plate 3, fig. 26.) 

PLATE 1. 



The letter a in figs. 1 to 8, which were all drawn from the same egg, marks the 

same point in all. 

Fig. 1. An egg during the period of rest which follows the first period of segmenting 
activity. 

Fig. 2. The same egg at the beginning of the second period of segmenting activity, 
five minutes after the stage shown in fig. 1. 

Fig. 3. The same egg five minutes later. One of the primary segments is beginning to 
divide into two. 

Fig. 4. The same egg ten minutes later. One of the primary spherules is perfectly 
divided into two, and the division of the other is less advanced. 

Fig. 5. The same egg five minutes later, and completely divided into four equal seg- 
ments. This stage ends the second period of segmenting activity. 

Fig. 6. The same egg, fifteen minutes later, during the second period of rest. 

Fig. 7. The same egg, ten minutes later, entering upon the third period of activity. 

Fig. 8. The same ^g, twenty-five minutes later, divided into eight equal spherules. 
This stage ends the third period of activity. 

Fig. 9. Another egg during the third period of rest. 

Fig. 10. Another egg near the end of the fourth period of activity, and divided into 
sixteen equal spherules, arranged around a central segmentation cavity. 
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Fig. 11. Optical section along the principal axis of a somewhat older egg, showing the 

yolk spherule, c, and the segmentation cavity, 6. 
Fig. 12. Optical section of the same egg at right angles to the one shown in fig. 11. 

b. The segmentation cavity. 

c. The yolk spherule. 

PLATE 2. 

Fig. 13. An optical section of an egg somewhat older than the one shown in fig. 1 1. 

Fig. 14. Optical section at right angles to that of fig. 13. 

Fig. 15. Optical section of an egg a little older than the one shown in fig. 13. 

d. Orifice of invagination. 

Fig. 16. Optical section of a still older egg in the same position as figure 15. 

Fig. 17. Optical section of a still older egg in the same position. 

Fig. 18. Surface view of the formative pole of the egg shown in fig. 17. 

Fig. 19. Optical section along the principal axis of a still older egg. 

Fig. 20. A similar section of a still older egg. 

Fig. 21. Ventral view of an embryo in the egg-shell 24 hours after oviposition. 

e. Anterior end of body. 

f. Large spherules in the region of the digestive tract. 

g. Metastoma. 

Fig. 22. Dorsal view of the same embryo. 

(e and /as in fig. 21.) 

h. Cerebral ganglia. 

i. Pigment spots. 

m. Muscles. 
Fig. 23. Similar aspect of the same embryo artificially removed fi:om the egg shell. 
(Letters as in fig. 22.) 

PLATE 3. 

Fig. 24. Ventral view of the same embryo, seen from a point of view a little anterior 
to that of fig. 21. 
ex. Exopodite. 
en. Endopodite. 
(The other letters as in fig. 21.) 
Fig. 25. Side view of the Nauplius, tooo^^ '^^^^ ^^°1?» ^ '^^ leaves the egg 36 hours 
after oviposition. 
g. Metastoma. 
p. Pigment spots. 
ex. Exopodite. 
en. Endopodite. 

s 2 
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Fig. 26. Side view of a Nauplius, xooo* ^^ mxAi long, and a little older than tlie one 

shown in fig. 23. The animal is a little flattened bj pressore. In a 
ventral view of the same larva the anus was visible at ihe point marked a. 
in the figure. 

a. (Esophagus. 

8. StomaclL 

/. Large ceUs around stomach. 

I. Intestine. 

ga. Cerebral ganglia. 

n. Ventral nerve-chain. 

p. Pigment spots. 
Fig. 27. Dorsal view of a Protozoea^ ^ gg^ th inch long, which moulted from the 

Nauplius shown in fig. 26, about 96 hours after oviposition. 

ga. Cerebral ganglia. 

8. StomacL 

h. Heart. 

i. Intestine. 

p. Pigment spota 

a. Anus. 

m. Muscles of oesophagus. 

U. Postero-lateral spines of carapace. 

ds. Posterior dorsal spine of carapace. 

ahd. Unsegmented portion of abdomen. 

ex. Exopodite. 

en. Endopodite. 
Fig. 28. Right mandible of the same specimen seen from below. 
Fig. 29. Bight mandible seen from behind. 
Fig. 30. Back or outer sur&ce of first maxilla of the same specimen. 

8C. Scaphognathite. 
Fig. 31. Posterior sur&ce of left-second maxilla of the same specimen. 

8c. Scaphognathite. 

h. Basal joint. 

en. Endopodite. 
Fig. 32. Left-first maxilliped of the same specimen ; posterior surface. 

ex. Exopodite. 

en, Endopodite. 

h. Basal joint. 
Fig. 33. Bight-second maxilliped of the same specimen. 

ex. Exopodite. 

en. Endopodite. 

h. Basal joint. 
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Fig. 34. A Protozoea, xooo*^^ ^^^ lo^g> ^^d a little older than the one shown in fig. 27. 

ce. (Esophagus. 
pp. Anul pigment spots. 
(Other letters as in fig. 27.) 



PLATE 4. 

Fig. 35. Side view of another larva at the stage shown in fig. 34. 

ga. Cerebral ganglia. 

s. Stomach. 

sg. Shell gland. 

h. Heart. 
Fig. 35a. Surface view of the area of attachment of the oesophageal muscles of the 

same larva. 
Fig. 36. Second antenna of the same specimen. 

6. Basal joint. 

ex. Exopodite. 

en. Endopodite. 
Fig. 37. Mandible, at same stage, seen firom below. 
Fig. 38. First maxilla of left side at same stage. 

1 and 2. The two cutting joints of the basal portion. 

ex. Exopodite. 

en. Endopodite. 
Fig. 39. Left-second maxilla at same stage. 

6. Basal portion. 

en. Endopodite. 

so. Scaphognathite. 
Fig. 40. Left-first maxilliped at same stage. 

ex. Exopodite. 

eji. Endopodite. 
Fig. 41. Left-second maxilliped at same stage. 

ex. Exopodite. 

en. Endopodite. 
Fig. 42. Ventral view of the same larva after the next moult and iS^(>t h inch long. 
Fig. 42a. Outline of the anterior end of fig. 42, moi^e enlarged. 

h. Basal joints of appendages. 

ex. Exopodites. 

en. Endopodites. 

sc. Scaphognathite. 
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PLATE 5. 

Fig. 43. Ventral view of the last Protozoea (Dana's Erichthhia demism), yJXoth i»c^ 
long. 

ex. Exopodite of Becond antenna. 

en. Endopodite of second antenna. 
Fig. 44. Dorsal view of the same larva (Zeiss, A. 2). 

ds. Median dorsal spine of carapace. 

Is. Postero-lateral spines of carapace. 
Fig. 45. Side view of the same larva at the same stage. 

ds. Median dorsal spine of carapace. 

tff. Thoracic ganglia. 

{. Intestine. 
51g. 46. Posterior surface of left first maxilla of the same larva. 

1 and 2. Cutting joints of basal portion. 

en. Endopodite. 

sc. Scaphognathite. 
Fig. 47. Left second maxilla of the same larva. 

b. Basal joint. 



en. Endopodite. 
Fig 48. Left first maxilliped of same larva. 

b. Basal joint. 

ex Exopodite. 

en. Endopodite. 
Fig. 49. Left, second maxilliped of same Larva. 

(Letters as in fig. 4d.) 

PLATE 6. 



Fig. 50. First Schizopod stage (this stage is the equivalent of Dana's genus Scdetina ; 
of Clatjs's Acanthosoma stage ; and of Willemobs-Suhm's Amphion stage). 
The larva passes, by a single moult, which was frequently observed in iso- 
lated specimens, from the stage shown in fig. 43 to the one which is shown 
in this figure. 

Fig. 51. Mandible at same stage. 

Fig. 52. First maxilla at same stage. 

Fig. 53. Second maxilla at same stage. 

Fig. 54. Sceletina larva, two moults later (Zeiss, A. 2). 
s. Antero-Iateral spine. 
p. Pigment spot on fourth abdominal somite. 
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Fig. 54a. Outline of anterior end of carapace. 

Fig. 55. Dorsal view of the anterior end of the same larva. 

Fig. 56. First antenna of the same larva. 

Fig. 57. Second antenna of the same larva. 

Fig. 58. Mandible at same stage. 

Ficr. 59. Locomotor apDendafires of the left side, at same sti 



PLATE 7. 

Fig. 60. Side view of a young Lucifei\ about -^feth inch long, which was produced by 

the moulting of a larva like that shown in fig. 54 (this stage agrees pretty 
exactly with ihe Mastigopus stage of Sergestes). 

g. Antennal gland. 

n. •* Neck." 

c. Carapace. 
Fig. 61. Half-grown I/ucifer, about ^ an inch long. 

g. Antennal gland. 

eg. Cerebral ganglia. 

CO. Commissures to ventral ganglia. 

8. Cephalic pouch of stomach. 

h. Heart. 

c. Carapace. 
Fig. 62. Inner surface of mandible of adult. 
Fig. 63. Outer surface of mandible of adult. 
Fig. 64. Outer surface of first maxilla of adult. 
Fig. 6*5. Inner surface of same. 

PLATE 8. 

Fig. 66. Head of a small female about f rds of an inch long, seen from belowr 

Fig. 67. Second maxilla of same. 

Fig. 68. First maxilliped of right side of adult 

Fig. 69. Inner surface of same. 

Fig. 70. Second maxilliped of adult. 

PLATE 9. 

Fig. 7 1 . Dorsal view of tip of telson of adult female. 

Fig. 72. Side view of last abdominal somite and swimmerets of adult female. 

Fig. 73. The same parts of an adult male. 
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Fig. 74. Side view of posterior half of carapace and first abdominal somite of a mature 
female, to show the reproductive organs. In order to reduce the number 
of figures this specimen is represented with its ovaries full of ripe eggs, 
while a large bunch of developing eggs are attached to the basal joints of 
the last pair of thoracic appendages, but these two features are never 
exhibited completely at the same time in a single individual 



h. Heart. 

t. Intestine. 

tg. Thoracic ganglia. 

ov. Ovary. 

od. Oviduct. 

sr. Seminal receptacle. 
Fig. 75. The corresponding part of the body of an adult male. 

c. Carapace. 

A. Heart. 

i. Intestine. 

tg. Thoracic ganglia. 

a. First abdominal somite. 

(. Testis. 

vd. First division of vas deferens. 

sp. Second division. 

sv. Third division. 
Fig. 76. First pleopod of young mala 

Fig. 78. Side view of the larva shown in Plate 10, fig. 77 (Zeiss, A. 2). 
Fig. 79. Dorsal view of the same larva. 
Fig. 80. Mandible of the same larva. 
Fig. 81. First maxilla of the same larva. 

en. Endopodite. 

sc. Scaphognathite. 
Fig. 82. Second maziUa of the same larva. 

8c. Scaphognathite. 

en. Bndopodite. 

PLATE 10. 

Fig. 77. Ventral view of the last Protozoea stage of Acetes to^o*'^ ^ch long. 

ex. Exopodite of second antenna. 

en. Endopodite of second antenna. 
Fig. 85. The specimen shown in fig. 84, after another moult and r g^g th inch long. 
Fig. 86. First antenna of the same larva. 
Fig. 87. Second antenna of the same larva. 
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PLATE 11. 

Fig. 84. Ventral view of the specimen shown in fig. 81, after the next moult and 

Tooo^^ ^'^^^ long. 
ex. Exopodite. 
en. Endopodite. 
Fig. 83. First maxilliped of the larva shown in Plate 10, fig. 77. 
Fig, 88. Second and third maxillipeds and periopods of the larva shown in Plate 10, 

fig. 85. 
Fig. 89. First pleopod of same larva. 
Fig. 90. An older specimen i^th inch long, which was captured at the surface. 
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III. On the Structure and Development of the Skull in Sturgeons (Acipenser ruthenus 

and A. sturio).* 

By William Kitchen Parker, F.R.S. 

Beceived April 14, — Read May 5, 1881. 

[Plates 12-18.] 

INTRODUCTION. 

Several years ago the late Mr. William Lloyd procured for me from Hamburgh 
seventeen young Sturgeons {Acipenser stuno) ; these were from 7 to 8 inches in 
length. Valuable as these specimens were, they were far too much developed for 
embryological purposes ; and no pains were spared by me to obtain, if possible, newly- 
hatched embryos and small "fry" of this type. 

More lately it was suggested to me by Mr. Balfour that I should write to 
Professor W. Salensky, of Kasan, who had been working at the development from 
the egg oi Acipenser i^uthenus^ the small Sturgeon or '* Sterlet, "t My application to 
him was promptly and most kindly responded to, and in a short time I received a 
considerable number of newly-hatched and very small young of that species, ranging 
from 5^ to 1 4j^ millims. in length. Half these were for Mr. Balfour, and the rest for 
me. His researches are embodied in that inestimable work, the second volume of his 
* Comparative Embryology ;' mine are here offered to the Society in the accustomed 
form. 

I purposely refrain at present from working out the structure and development of 
the trunk and limbs (I have laboured at these regions, and shall be ready to resume 
that part of my work when this is done) ; but other workers are from time to time 
taking up those parts, and when once the cephalic skeleton is mastered what remains 
will be a comparatively easy task. 

I am more anxious to be prepared for my own limited work by acquiring a 
thoroughly clear conception of the embryology of each type ; in this my best helper is 
Mr. F. M. Balfour. Professor Huxley is, and always has been, my most valued 
critic and counsellor in all that relates to broad and philosophical views of animal life 
generally, and of the Ufe of the Vertebrata in particular. 

* The skull described in my last paper as that of Discoglossus pidy-s (Phil. Trans., 1881, Plate 20, 
figps. 7-11, p. 112) was prepared from a badly- preserved, half-grown Uana esculenta, 1 am indebted for 
this correction, and for a genuine Discoglossw, to M. Boulengsr. 

t This species rarely exceeds the length of 3 feet (Oi^NTHEK, ' Study of Fishes,* p. 361). 

T ? 
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First Stage. — Newly-hatched embryos of Acipenser ruthenus from 5^ millims. 

to 6j millims. in length. 

The specimens figured by me (Plate 12, figs. 1-3) are rather smaller than the one 
figured by Mr. Balfoub (*Comp. Embryol.,' vol. ii., p. 88, fig. 53) which measured 
7 millimfl. in total length, but his description may serve for mine, which were nearly 
as much developed as his slightly larger specimen. 

After describing the development of the embryo, Mr. Balfoub explains its peculiar 
outspread form in its unhatched condition {op. cit.^ p. 86, fig. 52), and says: — "The 
further changes which take place are, in the main, similar to those in other Ichthy- 
opsida, but in some ways the appearance of the embryo is, as may be gathered from 
fig. 52, rather strange. This is mainly due to the fact that the embryo does not 
become folded off from the yolk in the manner usual in the Vertebrates ; and as could 
be shown in the sequel, the relation of the yolk to the embryo is unlike that in any 
other known Vertebrate. The appearance of the embryo is thus something like that 
of an ordinary embryo slit open along the ventral side and then flattened out. Organs 
which properly belong to the ventral side appear in the lateral parts of .the dorsal 
surface. Owing to the great forward extension of the yolk the heart (fig. 52, B) 
appears to be placed directly in front of the head." Then, aft^r describing the 
progress made in the development of the brain and organs of special sense, Mr. 
Balfoub says : — " At the sides of the cephalic plate the visceral arches make their 
appearance, and in fig. 52, A and B, there are shown the mandibular (Md.), hyoid {Ha.), 
and first branchial {Br.) arches, with the hyo-mandibular (spiracle) and hyo-branchial 
clefts between them. ^They constitute peculiar concentric circles round the cephalic 
plate, their shape being due to the flattened form of the embryo already alluded to." 
And then, further on (p. 88) our author says : — " Before hatching, the embryo has to 
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a small extent become folded off from the yolk both anteriorly and posteriorly ; and 
has also become to some extent vertically compressed. As a result of these changes, 
the general form of its body becomes much more like that of an ordinary Teleostean 
embryo. The general features of the larva after hatching are illustrated by figs. 53, 
54, and 55. Fig. 53 represents a larva of about 7 millims., and 54 a lateral and 55 a 
ventral view of a larva about 11 millims.* There are only a few points which call for 
special attention in the general form of the body. In the youngest larva figured" 
[fig. 53, 7 millims. long ; and see also Plate 12, figs. 1-3 of the present paper of some- 
what younger larv®] " the ventral part of the hyomandibular cleft is already closed : 
the dorsal part of the cleft is destined to form the spiracle (sp.). The arch behind is 
the hyoid, on its posterior border is a membranous outgrowth, which will develop 
into the opercular membrane. In the older larvae a very rudimentary gill appears to 
be developed on the front walls of the spiracular cleft, but I have not succeeded in 
satisfying myself about its presence ; and rows of gill papillae have appeared on the 
hyoid, and the true branchial arches (figs. 54 and 55, g).'' [The mandibular gill, about 
which Mr. Balfour speaks doubtfully, is according to my observations a thickened 
mass of hypoblastic cells lining the front wall of the first or " spiracular " cleft. This 
mass is crescentic (Plate 12, figs. 2, 4, and 7, c/^.), and is slightly grooved along its 
hinder margin; on each side of this groove the low ridges are imperfectly divided into 
little rounded masses, which appear to me to be, evidently, the rudiments of branchial 
papillae ; at the lowest computation, this soft, tuberculate mass of cells is homologous 
with the tracts of cells which do develop into branchial papillae in the Elasmo- 
branchii.] " The biserially-arranged gill papillae of the true branchial arches are of con- 
siderable length" [see Plate 12, figs. 4-^9], "and are not yet covered by the operculum, 
but they do not form elongated thread-hke external gills like those of the Elasmo- 
branchii. The oral cavity is placed on the ventral side of the head ; it has a more or less 
rhomboidal form. It soon however (fig. 55) becomes narrowed to a slit with projecting 
lips, which eventually becomes converted into the suctorial mouth of the adult. The 
most remarkable feature connected with the mouth is the development of provisional 
teeth (fig. 55) on both jaws. These teeth were first discovered by Knock (*Die 
Beschr. d. Reise z, Wolga Behufs. d. Sterlettbefiiictung,' Bull. Soc. Nat, Moscow, 
1871). They do not appear to be calcified, and might be supposed to be of the same 
nature as the homy teeth of the Lamprey. They are, however, developed like the 
teeth, as a deposit between a papilla of subepidermic tissue and an epidermic cap. 
The substance of which they are formed corresponds morphologically to the enamel of 
ordinary teeth. As they grow they pierce the epidermis and form hollow spine-like 
structures with a central axis filled with subepidermic mesoblastic cells. They dis- 

* These do not correspond precisely to the specimens worked out by me, and of which 1 also have given 
figures illustrating the outward form. My first Stage includes larvee from 9^ millims. to 6^ millims. in 
total length ; Stage two, 8^ millims. to 9\ miUims. ; and Stage three, 13^ millims. to 14| millims. The 
largest larva of this species in those sent to me was 14^ millims. (-xV^^ ^^ ^^ inch) in total length, 
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appear after the third month of larval life. In front of the mouth two pairs of papillae 
grow out, which appear to be of the same nature as the papiUse in the suctorial disc 
of Lepidosteus (figs. 54, 55, p. 89). They are very short in the embryo, represented in 
fig. 63. Soon, however, they grow in length (figs. 54 and 55, st) " [Plate 12, figs. 4, 5, 
7, 9], ** and it is " [more thuri] " probable that they become the barbels, since both sets 
of structures occupy a precisely similar position." 

** The openings of the nasal pits are at first single, but the opening of each becomes 
gradually divided into two by the growth of a flap on the outer side (fig. 54, ol.) *' 
[Plate 12| figs. 4, 7, 9, ol.]. '* It is probable that the two openings of each nasal sack, so 
established in these and in other Fishes, correspond to the external and internal nares 
of the higher Vertebrata. At the time of hatching there is a continuous dorso- ventral 
fin" [Plate 12, figs. 1,2], ** which by atrophy in some parts, and hypertrophy in other 
parts, gives rise to all the impaired fins of the adult, except the first dorsal and the 
abdominal. The caudal part of the fin is at first symmetrical, and the heterocereal 
tail is produced by the special growth of the ventral part of the fin combined with an 
atrophy of the dorsal part."* 

Referring the reader to Mr. Balfour's work and to my own plates, I shall now 
simply describe the figures of the general form of the first stage, and then those of the 
second and third, in which also will be given a detailed accoimt of their skeletal 
structures. 

The fourth^ fifth and sixth stages will be of the other species {A. sturio), and that 
in a thoroughly metamoiThosed condition. 

The smallest of my specimens (5^ millims. long, Plate 12, fig. 1) is intermediate 
between figs. 52 and 53 of Mr. Balfocjr {op. c?-<.,pp. 87, 88) ; the original of his fig. 52 
(A and B), may be found in Professor Salensky's Russian work (plate 7, figs. 56 and 
58), whilst his fig. 53 is only slightly larger than my second specimen (Plate 12, 
figs. 2 and 3). 

In the smallest specimen, scarcely hatched at the time when it was put into the 
spirits, the large hind-brain (C^.) and the lesser mid- and fore-brain (C^, C^) are seen 
arranged in an accurate series. The auditory sac (au.) is below and behind the wide, 
front part of the hind-brain, the eye (e.) below and between the fore- and hind-brain, 
and the olfectory sac (ol.) on the side of and below the fore-brain, in front of the eye. 
The mouth (m.) is a considerable rhomboldal space on the ventral aspect of the head, 
and behind it we see three folds, two clefts, and a general hollow space behind the 
third fold. These folds are the rudiments of the mandible, hyoid, and first branchial 
{mn., hy., 6r^.), the clefts are the hyomandibular (cl^.) and the hyo-branchial (cP.), and 
the fossa behind leads to the tissues that are preparing to form the rest of the 
branchial arches with their intervening clefts. The last third of the spinal region is 

* 1 am glad to be able to give, and the reader will not be sorry to have, au account of these early larv89 
ill Mr. Balfoub^s own wordsi Of course 1 have been over the same ground, but my work has been made 
much easier by my friend*8 kindness in sending me his proofs as soon as they were in type. 
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behind the anus {an.) ; it is the tail, and the intestinal opening is but a small dis- 
tance behind the huge enlargement caused by the yolk-mass ; that mass is three- 
fifths the length of the embryo. A vertical line drawn through the hind-brain and 
eye-ball would bisect a special enlargement in front of the yolk-mass. This enlarge- 
ment, caused by the heart {h.), would be partly in front of ih&t line, and looking 
at the embryo ftt>m the upper end of the line we should see the heart lying in front 
of the head. 

The lirer (I.) would be behind the lower end of the line, for most of the yolk -mass 
which is included in the rudimentary stomach lies in Jront of the liver, contrary 
to what takes place in the Lamprey, Frog, Elasmobranch, and the Aniniota (BAUOca, 
op. cit., p. 90, fig. 56). Acx»)rding to that excellent obsenrer " the peculiar flattening 
out of the embryo on the yolk is due to the mode in which the yolk becomes 
enveloped by the hypoblast " (p. 91). 

In an embryo more developed, but slightly smaller (Plate 12, figs. 2, 3, 6^ millima 
long) than that figured by Mr. Balfoub (his fig. 53 was 7 miltims. long), the yolk-maas 
is only one-third the length of ihe embryo — in the last it was half as long — and the tail 
is now also about one-third the length of the whole larva. The head is now fairly fr-ee 
from the yolk-mass, at least as far as to the hyoid fold (hy.), but the heart (A.) is a very 
short distance behind the mouth (m.), and the end of the intestine (an.) is seen to be 
three times as far ftx>m the yolk-mass (y.). The tail is at present perfectly diphycercal ; 
the notoohord running along the middle of the upturned tail, and the azygous fin is 
equally above and below the axis. 

The mouth (fig. 3, m.) is a creacentic slit, with a small anterior bay in the middle of 
its anterior convex mai^n, and with a definite labial rim. In front of the oral opening 
and under tie fore-brain (C), behind a transverse ridge that passes frwm side to side 
parallel with the mouth, there are two pairs of pupiform enlargements with their 
UEUTOW ends behind, and those of each p^r approximated ; these are the rudiments of 
the barbels (66.). There are four visceral folds with their clefts, the two anterior 
larger folds being the mandibular and the hyoid; from the latter a free edge is growing, 
the opercular fold (op.) ; between the two bars the first (or hyomandibular) cleft (cP.) is 
closed ventraUy, already, its permanent uppermost part will be the spirade. The 
convex front lip of that limited cleft is thickening inside, and tends to produce a 
mandibular gill. The nasal sac (ol.) is still a sl^ow pouch viih. a thickened rim, the 
outer coats of the eye (e.) are closing over the lens, and the auditory sac (au.) is a 
smallish oval mass showing no evident involution. 

In this larger embryo the basis-cranii and visceral arches are still composed of 
" embryonic cartilage ;" these skeletal structures can be better studied in somewhat 
more advanced larvee. 



DEVELOPMENT OF THE SKULL IN STURGEONS. 145 

Second Stage. — Larva of Acipenser ruthenus, /rom 8^ to 9^ millims. in length. 

The larvae at this stage have a very Selachian appearance (Plate 12, figs. 4-8) ; alto- 
gether they have made a very great advance in development since the last stage : I 
shall describe first the external form, then a dissection of the visceral arches, and after 
that a series of transverse sections. 

The azygous fins are beginning to be subdivided (fig. 7) ; now, the axis (notochord) 
turns downwards behind, but the tail is still diphycercal ; it has become almost as long 
as the trunk, measuring from the anal aperture (an.), so that the post- anal region is 
very much longer, relatively, than in the last stage (fig. 2). The azygous fin is more 
definite along the trunk, almost reaching as a crest to the head, and the pectoral fins 
(p./I) that then were at most mere thickenings of the tissue, are now well-developed, 
free, auriform paddles. 

The yolk-mass (sL) makes only half the bulging it did : it is now quite portable ; the 
intestine (in., an.) is now seen as a definite ventral cavity behind the stomach and yolk, 
and is nearly as long as the wide part in front. 

The heart (figs. 5 and 7, h.) is now fairly behind the operculum (op.), but is still seen 
from the outside as a double swelling. 

The mesocephalic flexure is less, and the various parts of the brain (C^, C^., C^.) are 
very visible through the diaphanous membrano-cranium.* So also the auditory organs 
show clearly through the skin, and the common tube of the anterior and posterior 
canals (au., ^.5.c.), and the single lesser tube forming the horizontal canal (h.s.c), are 
very apparent without dissection. 

The eye-ball (e.) is rapidly finishing and its socket is being formed, and there is a 
distinct suborbital ledge. The olfactory sac (oL) is lateral and close to the eye, it has 
acquired a very definite superficial membranous capsule ; this is sending downwards 
a triangular flap which tends to subdivide the opening. 

The ** barbels " (66.) are now well formed, and look in the larger specimens of this 
stage like formidable tusks ; they arise from a recess in front of the upper lip, which 
has over it a fold of the fore face, and in front of it, below the fore brain (Plate 12, 
fig. 5), there is between the olfactory sacs (oL) a very remarkable concavity ; it is 
nearly circular, is as large as one of the olfactory sacs, is almost as deep, and has in 
front of it a crescentic fold, and on each side a lateral lip-like margin. Its somewhat 
produced hind margin lies between the two inner barbels, and its lateral walls run up 
to those barbels. In the lesser larvae of this stage (figs. 4, 5, m.) the mouth is still 
somewhat rhomboidal, but in the larger (fig. 7) its edges come very near together. 
The lips are now thick and large, the front is emarginate, the hind lip has an apiculate 
lobe, at the mid-line, looking forward ; each is armed with the small, clear, pointed 
teeth (t.). 

• Through want of proper food these larvao soon began to starve. Moreover, the spirit in which 
they were preserved contracted their tissues ; the figures jmrposely show this contracted appearance. 
MtKXXJLXXXII. U 
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There are, now, seven cartilagiDoiis arches on each side, the two first are large, the 
rest smaller; they are all out of sight, more or less, the operculum hiding the two first, 
and the gills those behind ; the clefts also are largely hidden from view by these 
structures. 

In the smaller specimens at this stage (fig. 4) the form of the two first arches can 
be seen through the skin, the pterygo-quadrate bar running within the upper lip, 
Meckel's cartilage within the lower jaw, and the hyoid arch {hy.) inside the fore part of 
the opercular fold {op,). The opercular fold of the mandible is very limited on account 
of the closing in of the ventral part of the first cleft (c?^.), but its serial homology with 
the large next fold (op.) is manifest Inside it is thickened by a mass of cells from 
the first hypoblastic pouch, and this mass, somewhat obscurely, shows on its surface 
two rows of short mammUkte projections-arrested giU papillae. 

But the next fold, with its lining, is greatly developed (Plate 12, figs. 4-7, op.), and 
its inner face is covered with rather long papillae, like those which grow freely from 
the proper branchial arches {hr.). Membranous, at present, this free fold of the hyoid 
arch is destined to contain three ganoid scutes, the upper of which (the opercular) 
will be one of the largest of the huge plates developed in this fish. 

The rich growth of simple longish papillae on the other arches hides them from 
view ; these gills, however, are much shorter than those seen in the large embryos of 
Selachians. 

When the skin and the gills are removed from the side of the head in one of the 
larger larvae at this stage — 9\ millims. in length — then the form of the newly chon- 
drified bars is seen (Plate 13, fig. 6). 

I have already remarked upon the Selachian appearance of the larvae at this stage 
(Plate 12, fig. 7); a dissection, like the one under notice, displays much more than 
superficial Selachian characters. Even in the adult the Sturgeon has not made much 
advance towards the Teleostean culmination of the fish-type, but the dermal scutes 
have been largely dominated, in the head, by the cartilaginous endonskeleton ; and in 
the face, behind the mandible, we find many of the bars ensheathed in their own 
'' ectostoses." 

The hyostylic type of skull, which is not seen in the generalised forms, such as 
Notidanus and Cestracion, but is common to Skates and ordinary Sharks, is in the 
" Acipenseridae " carried to its uttermost piteh of perfection, and here, in this minute 
larva, recently hatehed, and scarcely chondrified, the Selachian type of skull is over- 
passed, and at least two additional segments are seen on each side. These additional 
joints in the highly subdivided and modified primary hyoid bar are expressly for tlie 
purpose of throwing the mouth out far away from the skull ; the jaws are suspended 
on an extremely hypertrophied upper hyoid segment. 

This hypertrophy of the *' epi-hyal '' segment is correlated with the atrophy of the 
uppermost, or suspensorial part of the pier of the mandible, which pier, even in this 
early larva, is heloio the middle of the hyoid arch Plate (13, fig. 6, pg.q.y m^u, hm., chy.). 
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This is the more remarkable in a type that might have been expected to «how some- 
thing primitive in its visceral arches, seeing that it is only a Chondrosteus Ganoid, with 
a huge, permanently^undivided notochord, and a totally unossified chondrocranium. 

Even in the Salmon (Phil. Trans., 1873, Plates 1-3), the embiyos of which are much 
larger and more tractable, I did find, as cartilage, the primitive facial bars ; and their 
metamorphosis into the highly modified hyostylic type could be traced step by step ; 
but this cannot be done in Acipenser nor in Lepidosteus (my next subject). In 
ScyUium (Zool. Trans., vol. x., plate 34) this was also possible; but in the Skates, 
Rakb and Prisliurus (ibid., plates 35 and 39) the earliest tracts of true hyaline 
cartilage were, already, half metamorphosed, for all the uppermost segments (ibid., 
plate 35, fig. 4) were developed as distinct cartilages, although the remainder of each 
arch was continuous, and its segmentation could be traced afterwards.* 

Here, in Acipenser^ whilst the cartilage is still very soft, the segments of the highly 
subdivided hyoid arch are all apparent, although the branchial arches are continuous 
tracts (Plate 13, fig. 6) ; but their " pharyngo-branchiaV segment — so very distinct in 
the embryo of the Skate — is already half severed from the main bar (Plate 13, fig. 4, 
p.hr., e.b)\). 

The pier of the mandibular arch,^ instead of growing up to the basis cranii, is a 
falcate cartilage (the ptery go-quadrate, pg-g-), which lies half-way down the face, and 
passes forwards and downwards. It is flat, obUquely-placed, and somewhat uncinate 
in fix)nt ; behind, it is thick and rounded, and forms a condyle which lies in the con- 
cavity of its own lower segment, the mandible (mn.). This segment is thick behind ; 
in front of its condyloid depression it sends upwards a coronoid swelling, whilst, 
behind, it ends in a rounded angular process. The rest of the bar is rounded ; it 
lessens towards its ventral end, and is curved the opposite way to the pterygo-quadrate. 

The rounded quadrate region of the upper bar is attached by ligamentous fibres to 
the lower end of the hyoid pier; that pier is the hyomandibular {hm.), the lower, 
rounded end of which is being segmented off as the symplectic {sy.}. The whole bar 
is a massive phalangiform cartilage, gently bent backwards, altogether running down- 
wards and a httle forwards, and articulated above by an oblong condyle, to the 
"tegmen tympani" of the ear-capsule, under the horizontal canal {h,sx.). It is one- 
third larger than the pterygo-quadrate, but its own lower piece, the cerato-hyal, is 
somewhat less than the mandibular pier. 

* In Selachians tbeniselves, the best of all Fishes in which to study the development of these parts, it is 
next to impossible to maintain a consistent nomenclature of the elements of the visceral arches. In tlie 
Dog-fish (ScyUium, ibid., plates 37, 38) the hyomandibular is evidently the serial homologue of the epi- 
branchials; in the Skate {Pristiurus, ibid., plate 35) the uppermost part of all the arches is developed 
as a separate nucleus of cartilage, and the metapterygoid and hyomandibular naturally classify themselves 
with the succeeding pharyngo-branchials. Again, the suMivided hyoid pier of Acipenser, which also 
carries the mandibular apparatus, is not divided into a normal pharyngo- and epi-hyal, but the epi-hyal, 
apparently, is itself subdivided, and there is no pharyngo-hyal. 

u 2 
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The cerato-hyal eleraent is a flattish rod, pinched in the middle, and dilated at both 
ends; its upper end is articulated to the postero -inferior face of the rudimentary 
symplectic by means of a small intercalary nucleus of cartilage — the inter-hyal (i.%.). 
The lower end of the bar is nearly segmented off as a short semi-oval hypo-hyal (h.hy.). 
The branchial arches (6?\) are about half the size of the hyoid — supposing it to have 
been in one large bar; there axe Jive of them, and they decrease in size from before, back- 
wards. The top of each is semi-distinct from the rest as a pharyngo-branchial (p.br.) ; 
that part is turned inwards, the rest of the arch is curved outwards, and turns inwards 
and forwards, below, where it joins the basi-branchial bar (Plate 13, fig. 4, b.br.). 

Second Stage (continued). — Transversely-vertical and vertical sections of the head of 

a larva of Acipenser ruthenus, 9^ millims. in length. 

The transverse sections (Plate 12, figs. 1-3, and Plate 13, figs. 1-5) will further 
illustrate the structure of the visceral arches, and also show the state of the basis-cranii 
at this stage. 

Section 1. — The first section (Plate 12, fig. 10) is through the fore-brain (C^), and the 
fore part of the mid-brain (C'.), the eye- balls (e.), and the barbels (66.) ; here the only 
cartilaginous tracts are the trabeculaB {tr.\ which are sub-oval in section, obliquely 
placed, and separated by a distance equal to their own width ; they are sub-concave 
on their upper surface, where they lie under the thalamencephalon as it narrows to the 
infundibulum. 

Section 2. — The rounded ends of the trabeculse are free for a very short distance 
in the extremely short head of this larva, which has at present no rudiment of the 
huge pre-cranial rostrum afterwards to be developed. In this section (Plate 12, fig. 11) 
the trabeculae are wider, flatter, and are in close contact with each other ; they lie here 
under the infundibulum (C^) which is covered now directly by the mid-brain (CP.). 
Here the fore part of the oral cavity is cut through, so that the front row of teeth (t.) 
are seen, and on each side the outer barbels (66.) are just in view ; this section is 
behind the eye-balL Above the mouth two oval masses of cartilage, more solid than 
the trabeculae, are seen ; these are the pterygo-quadrate bars (pg.q.) at their fore end. 

Section 3. — The next (Plate 12, fig. 12) is close in front of the auditory capsules, 
through the widest part of the mid-brain (C^.) where it joins the hind-brain, in the 
middle of the mouth, and the huge Gasserian ganglia (V.), whose cerebral roots are 
brought into view. Here the trabecular (tr.) are in close contact, are wider than in the 
last section, and they curve well roimd the base of the hind part of the infrindibulum 
(inf.). 

Here the pterygo-quadrate cartilages (pg.q.) are very solid and curved, and have a 
sharp edge lying over the "adductor mandibulse" muscle (adm.), (see also Salensky, 
op. cit, plate 18, fig. 165, ad.m.) ; these muscles lie outside the concave face of these 
oblique cartilages ; the front teeth and lip are still seen. Above the front fece of the 
auditory capsules (here, by mistake, lettered e), the auditory involutions (aq.v.) are 
seen. 
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Section 4. — The next slice (Plate 13, fig. 1) contains the hinder half of the auditory 
involution {aq.v.), and below it the auditory capsule {au.) is seen, in the region of the 
anterior canal ; there is some cartilage in the infero-lateral part of the wall of the cap- 
sule. This is behind the mid-brain, and the hind-brain (see figs. 1-3, C^.) is very 
large ; large masses of ganglionic cells are seen belonging to the 5th, 7th, and 8th 
nerves (V., VII., VIIL). Outside, the lip of the spiracle (cl^.) is cut through, and 
below the brain the large notochord (nc.) is shown near its apex. This lies in and 
between the moieties of the investing mass (iv.), which are nearly square — just a little 
hollow above, and convex below. Below these parts the oral cavity is laid open; 
right and left of it the thinner hind part of the pterygo-quadrate (pg-q-) is severed, 
and, below, the teeth of the lower lip {t., 1,1.) . 

Section 5. — Here the hinder part of the ganglionic mass belonging to the 7th and 
8th nerves (Plate 13, fig. 2, VII., VIII.), and some fibres of their cerebral roots are cut 
through ; the spiracle {cl}\) is here laid open ; above it a cartilaginous tract of the 
auditory wall is seen. The anterior and horizontal canals, and the vestibule {a.s.c.^ 
h.s.c., vb.) are laid open. The notochord (nc.) is enlarging, and is being enclosed in 
the square moieties of the investing mass (iv.) which lie somewhat under it. Below 
the mouth the mandibles (mk) are laid bare throughout their entire length, on 
account of their almost directly transverse position, and over their articular hollow the 
articular knob (q.) of the pterygo-quadrate cartilage is shown in situ. The back of 
the lower lip {l.L) is seen, whose toothed front face was shown in the last section. 

Section 6.— Here, on each side of the narrowing hind- brain (Plate 13, fig. 3, C^.), 
the auditory capsules are cut through in their widest part, and both the arch and 
ampulla of the posterior canal {p.s.c.) are cut and laid open, as well as the deep 
saccular part of the vestibule {yh.). The infero-lateral shell of auditory cartilage is 
joining itself on to the more thin and outspread part of the investing mass {iv. — line 
too high) ; the notochord {nc.) is placed directly above the moieties of cartilage. The 
pharyngeal cavity is here very large, and in its walls we see the large, massive, arcuate 
epi-hyal element, undergoing segmentation into a long hyo-mandibular and a short 
symplectic piece Qim.y sy.). Here the directly transverse position of the parts 
gives, in one section, the whole of the hyoid series, for the symplectic is seen to be 
followed, lower down, by the little inter-hyal (i.%.), and that by the long cerato-hyal 
(c.Ay.), which is giving oflP from its sub-triangular end the short hypo-hyal {h.hy.). 
This is the front face of the section, and behind and within the hyoid we see the 
lower half of the first branchial arch and the fore part of the basi-branchial bar 
{c.hr^.) ; the branchial arch, like the hyoid, is becoming subdivided below, to form 
the hypo-branchial. The front part of the ganglionic mass of cells for the 9th and 
10th nerves (IX., X.) is cut across. 

Section 7. — These most successful and illustrative sections^ display all that is sought 
for; here (Plate 13, fig. 4), on each side of the narrowing hind-brain (C^.), the 

* The sections were made by my son Mr. W. N. Parker, 
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notochord has become suddenly twice as wide as in the last, and it has now gained a 
lower position ; the investing mass (iv.) is hom-shaped in section, and the base of each 
** horn " sits on the supero-lateral face of the huge notochord. The back wall of the 
auditory capsule (ate.) is cartilaginous, and at this part is some distance from the basal 
plate (iv.) ; in that interspace the ganglion of the vagus (X.) is shown. 

Here, happily, another visceral arch, the second branchial (j).hr., e.br^.^ ch"^., b.hr.) 
is exposed in one slice ; the segments are only indicated by the crowding of cells 
at the line where segmentation will take place. Within and behind the second 
branchial arch the third (c.hr^.) is partly seen, and the large, simple gills (g.) are 
shown fringing the folds of the section, below ; they are clavate, because of the loop of 
the simple capillary vessel within. 

Section 8.— Behind the ear-capsules the notochord has a diameter only two-fifths 
less than that of the hind-brain (Plate 13, fig. 5, nc, C^.) ; the investing mass {iv.) 
embraces it more below, and is rising, right and left, so as to form the lower half of the 
occipital arch (e.o.). Behind the gills, imder the narrowed pharynx, the yolk-mass is 
now seen. 

A vertical section of the head in one of the larger larvae of this stage (9^ millims. 
long ; Plate 14, fig. 1) shows the low position of all the parts of the fore-brain 
(C^, C^"., inf.), the forward position of the mid-brain (C^.) and the huge size of 
the hind-brain (0^.). The cavity of the fold of the mid-brain runs equally forwards 
and upwards, and the infundibulum (inf.) looks backwards and is quite distinct from 
the pituitary rudiment (py). The notochord (nc.) nearly reaches the latter, it is 
very large, arcuate, and bent downwards in front, showing no disposition to enter 
the fold of the mid-brain in the " post-clinoid " region. Two of the barbels (bh.) axe 
seen to the right of the mid-line, and behind these we see the thick upper lip (u.l.) 
bounding the mouth (m.), which opens directly below the pituitary rudiment. It is a 
rather narrow passage, and has in its hinder boundary the thick lower lip (l.l.) ; in this 
the mandible (mk.) is seen at its ventral end, and the fore end of the pterygo-quadrate 
cartilage (pg.q.) is seen in the upper lip ; these cartilages lie a little to the right of 
the section, which is exactly in the middle. In the pharynx, above and behind the 
oral chink, the first three clefts {cl^"^.) come into view, below these part of the yolk 
(y.), and in front of the yolk the heart (h.). 

Third Stage. — Larvce o/* Acipenser ruthenus from 13^ millims. to 14^ millims. 

in total length. 

Amongst the more advanced larvae of this Fish only one reached the length of 
14^ millims., or ^^ of an inch ; the next in size were 1 millim. shorter. One of these 
latter was made into horizontal sections, and others were dissected; the unique 
specimen was made into vertically-transverse sections. 

The external appearance of these, next in size to the last, viz., 13^ millims., is 
extremely Selachian (Plate 12, fig. 9, and Plate 13, figs. 8, 9). The tail is more than 
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dosteuSy and in many types, they are really continuous under the pituitary body, as 
in Scyllium and Rxxia^ forming a complete floor to the skull for some distance in front 
of the notochord and the post-cHnoid wall ; but this part has a small fontanelle imme- 
diately below the pituitary body (see fig. 1, py,). Opposite the optic nerves they part 
for a short distance, nearly meet again, and then diverge as two very short out-turned 
horns, the tips of which are the rudiments of the cornua trabeculae {c.tr.). Between 
the Gasserian ganglion and the optic nerve (V., e.) the trabeculae grow upwards, 
forming the rudiment of the alisphenoid {al.s.) ; the walls and roof, however, will be 
best studied in the sections. 

In front of the eye-balls (e.), between them and the olfactory sacs (o?.), there is a 
definite antorbital cartilage growing outwards and a little forwards from the tra- 
beculae ; this is the ethmo-palatine {e,pa.), a familiar element, which, here, is only 
semi-segmented from the trabecula. In Skates, as in Urodeles and Teleostei, it is 
distinct ; but in Batrachia and Sharks it is not ; it is well seen as a " process " in 
Notidanus (Heptanchus and HexarichuSy see Gegenbaur's * Selachians,' plate 1, and 
also in embryos of Scyllium^ T. Z. S., vol. 10, plate 37, fig. 1, a.o.). Here, it helps to 
form the back wall of the crypt in which the olfactory sac {pi.) is lodged ; in these 
Fishes, as in Lepidosteus and the Teleostei, there is no distinct " paraneural *' cartilage 
for the nasal pouch. 

Leaving the walls and roof of the skull, until I come to the sections, I shall now 
describe the visceral arches, which are greatly developed since the last stage. 

In a side view of these parts (Plate 1 3, fig. 11) I have shown the arches relative to the 
other cephalic structures, which are left in outline to give prominence to the view of 
the arches themselves. 

In another figure (Plate 13, fig. 12) the arches are shown as seen from above, and in 
a third (Plate 14, fig. 5) they are shown as seen from below. The hyoid arch is twice 
as large as the others, and has undergone most segmentation and specialization ; the 
branchial arches decrease in size and in the amount of their segmentation, from 
before, backwards. 

The proper pedicle of the mandibular arch, in this extremely hyostylic type, is not 
only absent, but the stunted and forwardly projecting " pier " is much further from the 
normal point of attachment — under the outgoing fifth nerve — than in any of the 
Selachians. Each of these ptery go-quadrate bars {pg^q) is a curved plate of cartilage^ 
thick and bent forwards in its articular region, where it grows out over the temporal 
muscle, somewhat, to form the rudiment of the " orbitar process," and flat as it widens 
out in its pterygoid region. 

The right and left plates meet each other for some distance in front, a notch sepa- 
rating their round ends ; they are gently convex, above, and gently concave, below. 
These bars reach as far forwards as the antorbital region, but are embedded in the 
very loosely attached palatal skin, and are thus only slightly connected with the basis 
cranii. In the angle formed by their convergence a pyriform wedge of somewhat 
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newer cartilage {mt,pg\) has made its appearance since the last stage ; this is, as far as 
I know, an unique structure, and but for this stage I should have suspected that this 
keystone piece had been formed by the fusion of a right and left nucleus of cartilage. 
Others form round it afterwards, but this is the first, as it is also the most important, 
morphologically, of the pieces that form the hind palate of the Sturgeon. 

It would not have been difficult to have dealt with the paired pieces that appear 
afterwards (Plate 16, figs. 5 and 6), as they are manifestly the counterparts of the 
single or multiple " metapterygoid" cartilages of the Eays. In Torpedo (Gegenbaur's 
* Selachians,' plate 13, fig. 3, and plate 20, fig. 1, Kr., a, 6,^) there are four of these 
cartilages on each side, but as a rule there is only one in that group, where it is a 
true metapterygoid segment of the pier, and not a mere " ray," as in the Shark. In 
Carinate Birds, where the skeleton reaches the utmost limits of specialization, remnants 
of Ichthyopsidan palatal cartilages reappear — ethmo-palatine, post-palatine, &c. ; and 
in the Woodpeckers ("Picidse^') the palatine membrane bones are joined together under 
the basis cranii by an ossified cartilage, the medio-palatine (Trans. Linn. Soc, second 
series, " Zoology," vol. i., plates 1-5).^ 

MtJLLER simply calls the whole compound plate of the adult Acipenser ruthemcs 
{op. cit., plate 9, fig. 71, A, B) *'unpaariger Gaumenknorpel," and the pterygo- 
quadrate bars " paariger Gaumenknorpel," so that the interpretation of these parts is 
left open. I shall merely, for the present, classify this plate with the free cartilages 
of the ''Raiidae," and call the median piece the "azygous metapterygoid" {int,pg\) ; 
the later pieces, right and left, will simply be called " paired metapterygoid segments " 
{mt.pg".). In the adult (Plate 18, fig. 4) Mr. Howes finds a row of four more much 
smaller segments along the mid line, in front of the main piece.f 

The mandibles (mn., mh) are about as long as the upper bars, but after forming a 
shallow articular cavity on their thick upper end they become rounded rods, and their 
position is almost transverse, as these dissections, and the transverse sections (Plate 15, 
fig. 3, mh.) demonstrate ; they do not quite meet in the middle, at present. 

The hyoid arch has five segments in it on each side, but, like the mandible, no basal 
segment below. The uppermost piece, the hyomandibular (Plate 13, figs. 11, 12, km,) 
is by far the largest element in the whole series of arches ; above, it is articulated by 
an oval condyle to the under surface of the pterotic ridge, under the horizontal canal 
("tegmen tympani"), and below by a cylindroidal condyle to the symplectic {sy.). 

• The median cartilage seen in the "Mjxinoids" (MCller, * Myxiiioids/* plate 3, figs. 2-5, U), the 
" Qttumenplatto " — which partially nnites with the trabecnles in the adult Bdellostoma and Myxiney and 
early and totally in Petromyzon, is not part of the palate, as MDller's term would suggest, and as I once 
thought, but is, as Mr. Balfour showed me, the " intertrabecula ** — i.e., its hinder or interorbital part. 

t In the scanty living remnants of the " Chondrosteous Ganoids,'* only the " Acipenscridte *' show this 
peculiar structure; the " Polyodontideo '* show no trace of it (sec MCller's * Myxinoids,' plate 5, fig. 7, 
there called Planirostra edentula ; Traquair, * Ganoid Fishes of the British Carbouiferous Formations,' 
Part I., " PalflBoniscidBB," PalsBont. .Soc, 1877, plate 7, fig. 1; and Bridge, '*0n Fohjodon folium,'* Phil. 
Trans., 1878, Part II., Plates 65-67, pp. 683-733. 

MrCCCLXXXII. X 
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Uh form in like that of a phalangeal segment, it is curved backwards, gently, and has 
an enlargement there, above the middle, the rudiment of the "opercular process." Its 
axis is coincident with that of the symplectic and the mandible {sy., mn., mk.), together 
they form a crescentic series, passing downwards and gently forwards, and having the 
convex margin behind ; they are bent inwards below (fig. 12). The curve forward, as 
well as downward, brings the lower end of the sjrmplectic under the pituitary body ; this 
cartilage (sy.) is only one-fourth the length of the upper piece (A-m.), but it is as thick 
as its thickest part ; it is scooped above for the hyomandibular, and rounded below, 
where it is tied, by ligaments, to the two elements of the first arch {pg.q., mn.^ mh). 

In the Teleostei the inter-hyal is articulated to the inside of the non-segmented 
cartilage uniting the hyo-mandibular and the symplectic ; in the Sturgeon it is 
articulated to the inside of the distinct symplectic, rather below the middle — at least 
at this stage (Plate 13, fig. 11, i.liy.). The inter-hyal is a small piece of cartilage, 
wedge-shaped, with its narrow end upwards ; its broad lower end articulates with the 
top of the cerato-hyal, which is bilobate above, the inter-hyal articulating with the 
larger upper lobe (fig. 1 2, i.Ay., chy.). 

The cerato-hyal is a thickish, somewhat sigmoid bar, it passes inwards and forwards 
and nearly meets its fellow of the opposite side ; there is no basi-hyal, but a semi- 
oval segment ls formed out of the ventral end of each cerato-hyal ; this is the 
hypo-hyal {h.hy.). 

The branchial arches (Plate 13, figs. 11, 12, and Plate 14, fig. 5) are larger than the 
lower part of the hyoid at first, but they lessen backwards, so that the last is only 
one- fourth as solid as the first. The first three develop a hypo-branchial segment 
(hjjv.) exactly like the hypo-hyal, but larger. The intumed dorsal end of all but the 
last is segmented off as an epi-branchial {e.hr.), and its apex becomes distinct as a 
small pharyngo-branchial (p.br.) in the first four arches. 

The basi-branchial (b.br.) is a thickish rod, rounded in front and compressed behind ; 
it only carries the first three arches ; the fourth and fifth meet below. 

Bony scutes are now developing in the skin, and in the skin of the mouth and the 
mucous membrane of the palate and fauces several bony plates have appeared; all 
these are determinable. 

In the upper and lower views (Plate 13, fig. 12, and Plate 14, fig. 5) these plates, 
moht of which are dentigeraus, are shown in their relation to the visceral arches and the 
lar/^cst of these bones ; the maxillary and dentary — of one side — are shown separately 
(Plato 14, fig. 6, mx., d.). There is no determinable premaxillary, which like the nasals, 
and vomers, only exists as one or many of a great number of generalised scutes that are 
iA$ be found in those respective regions. The maxillary (fig. 5, mx.) runs across and 
luiusiH its fellow in front of the pterygo-quadrate {pg^q) ; it is a long, subarcuate bar, 
with thickened edges, and carrying five or six sharp, recurved teeth on its anterior 
third ; it is somewhat notched and bent in its hinder third. The dentary {d.) is almost 



DEVELOPMENT OF THE SKULL IN STURGEONS. 155 

exactly like it, but gently bent in the opposite direction ; its teeth look a little forwards 
and fit in between those of the upper jaw. 

The palatine (Plate 14, fig. 5,^.) is a styloid tract of bone binding on the external 
edge of the broad fore part of the suspensorium (pg.q-) ; it is edentulous. The ptery- 
goid (fig. 5, pg.) carries teeth ; it is a thin plate of bone, which lies inside the hinder 
convex edge of the cartilage. 

Over the rudimentary "orbitar process'' of the suspensoriiun a small scale of 
bone is visible, just as when the squamosal is formed over the quadrate in the Am- 
phibia ;* this is the preopercular (p. op.). In the roof and sides of the pharynx inside 
the first branchial arch there are three pairs of small, arcuate, dentigerous scales of 
bone (Plate 13, fig. 12, and Plate 14, fig. 5); these are "upper pharyngeal bones.'* 
Clamping the hinder part of the hyomandibular, its rudimentary '* opercular process," 
the opercular bone (op.) is seen ; it is a convex shell, with spurs in front and a sharp 
round margin behind. These bones are evidently all mere parostoses ; the "ectosteal" 
sheaths of the visceral arches have not appeared yet ; the cianium never acquires any 
well-grafted bony plates. 

niird Stage (continued). — Horizontal' sections of one of the lesser larvee o/* Acipenser 

ruthenus, at this stage — 13^ millims. long. 

Section 1. — The uppermost of these sections (Plate 13, fig. 10) is through the hemi- 
spheres and the base of the mid-brain directly over the thalamencephalon (C^^, C^), 
the eye-balls (e.), and the front and sides of the mouth (m.). The quadrate and 
pterygoid regions {q.^ pg-g-) are severed, being cut through where there is a depression 
above ; moreover, the broad pterygoid plate is obhquely placed, and thus this hori- 
zontal section shows its thickness, but not its breadth. Between the hooked fore ends 
of these cartilages a newer tract, the lozenge-shaped azygous metapterygoid (figs. 10 
and 11, mt.pg\ is seen. Behind the transversely oval quadrate region the lower part 
of the hyomandibular Qim.) is cut across ; it is obliquely placed, and between the two 
sections of cartilage, on the outside, the lower part of the first cleft or spiracle (cZ^.) is 
laid open. Part of the "adductor mandibulae" muscle {ad.m.) is seen outside the 
pterygo-quadrate bar, and the opercular fold of the first cleft is seen with its rough 
inner surface. 

Section 2. — The next section, below the last, is through the whole length of the 
pterygo-quadrate bar (Plate 14, fig. 2,^(7.5.), which is seen to be of almost uniform 
thickness, and of a sigmoid shape ; the fore end is turned inwards, and the hind part 
outwards. Behind it the top of the articular region of the transverse mandible (^nk.) 
was sliced off! The basis cranii {tr) is cut through close in front of the post-pituitary 
wall and the notochord, where the trabeculse are completely confluent ; the large infun- 
dibulum (irj/!) is severed at its ** neck" (see Plate 14, fig. 1, inf). Here, this process of 

* The squamosal of the Amphibia has a large descending ineo2)ercular process ; hut there is no separate 
preopercnlar bone, such as Fishes possess. 

X 2 
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the brain is above and in front of the distinct pituitary body (fig. 1, py.), and seems to 
be distinct from the fore-brain (C^.) ; this, however, is due to the manner in which it 
has been cut through on its projecting part. In this section the rudimentary hemi- 
spheres (C^''.) are cut through where they pass forward from the first cerebral vesicle 
(figs. 1 and 2, C^., C^".). The small olfactory sacs (ol.) are cut across ; they lie outside 
the junction of the hemispheres with the thalamencephalon ; the eye-balls (e.) are cut 
through in the lower part. 

Section 3. — The lowest section (Plate 14, fig. 3) is through the lower part of the 
curved head, and takes in the whole boundaiy of the mouth (m. ; see also fig. 1). 
The olfactory capsules are removed, and the barbels (66.) are cut across at their root ; 
each, at present, contains a pith of true cartilage. The fore part of the pterygo- 
palatine and the quadrate region of the same {pg^q*, q*) are shown as severed, and the 
latter is seen as a transverse process, bulging below to form the hinge of the jaw. 
Behind the mouth (7^.) the lower lip is seen with its teeth {LI., <.), and in the substance 
of this visceral fold the whole length of the manditles {mk.) is shown, first thick, in 
the articular region, then slenderer, and again enlarging distally. 

Third Stage (continued). — Transversly ve7*tical sections of the head of the largest larva 

of Acipenser ruthenus ; 1 4^ millims. long. 

Section 1. — The first section (Plate 14, fig. 7) is through the barbels (66.) at right 
angles to the horizontal section just described (fig. 3), and also to the axis of the down- 
bent brain which is here developed into the rudimentary hemispheres (C^^). The 
plane of this section would form an angle of 45° with the plane of a section taken 
vertically through the hind part of the hind-brain, or through the front of the yolk 
mass and heart in such a larva as is shown in a longitudinally- vertical section (Plate 1 4, 
fig. 1, C^., y., h). That, however, was a younger larva, and the head in this had 
straightened a little. 

The hemispheres (fig. 7, C^''.) are here shown to be, together, sub-oval in section, 
somewhat grooved above, and slightly protuberant below. The olfactory sacs {pi.) have 
no roof in front, and their floor is formed by the ethmo-palatine cartilage (e.pa.), which 
is distinct, in front, from the trabecula. The skin of the fore face, however, is developed 
into a valvular fold around the opening, and the mucous membrane is applied to the 
rising and falling of the structures that encompass it ; there is no proper " paraneural " 
cartilage over the nasal capsule ; m this, Acipenser agrees with Lepidosteus and the 
Teleostei, and difiers from the Selachians, Cyclostomes, and Amphibia. Here the floor 
(e.pa.) is flat and distinct, and there is a considerable space between it and the 
trabecula (tr.) which is thick at its outer edge, and thins out towards its fellow of the 
opposite side, which it does not quite meet. 

Section 2. — The next section (Plate 14, fig. 8) is through the widest part of the 
hemispheres (C^''.) which are nearly oval in the section, from side to side, the top being 
convex as well as the bottom ; this latter part is, however, narrower than the upper. 
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Here the roots of the front teeth are cnit through in the base of the upper lip {u.L, <.), 
and here the nasal pouch (ol) has both roof and floor; the latter is continuous, now, 
with the trabecula {tr.) and bulges downwards, whUst the roof (s.ob.) is the fore end 
of a large tract of superorbital cartilage, which grows independently of the floor for 
some distance backwards — a very common thing in the Ichthyopsida. 

This upper band is the lateral rudiment of the tegmen cranii, which in this type so 
soon covers in the great fontanelle and becomes so very massive ; at present it is very 
similar to the palato-trabecular band {e.pa.y tr.) below ; here the trabeculae are wider 
apart than in the last section. 

Section 3. — In this third pre-oral section (Plate 14, fig. 9) the projecting fore part ot 
the mid-brain is seen to lie on the fore-brain (C^., C^.). This is through the back part 
of the olfactory pouch (o/.), which is becoming complicated ; its palato-trabecular floor 
(e.^a., tr.) is, here, at its widest and most solid part, and the superorbital roof over the 
nasal sac is narrower, and is sharp at its outer edge ; the roots of the front teeth are 
still in view {u.L, t.). 

Section 4. — This is through the fore part of the eye-balls (Plate 14, fig. 10, e.) ; there 
is, here, a very solid lateral ethmoidal wall uniting the superorbital band and the 
trabecula (5.06., tr.) ; the latter is losing its palatine extension, outwards, and the two 
plates are still a good distance apart beneath the fore-brain (C^.). Here the antorbital 
wall is cut through ; it is membranous, at present. 

Section 5. — In this section (Plate 14, fig. 11) the superorbital band (s.ob.) is simply a 
moiety of the tegmen cranii, for the projecting part is gone, and each band is creeping 
towards its fellow over the front of the mid-brain (C^.). So also, below, the trabeculaa 
(tr.) have lost their palatine projection and they are creeping towards each other under 
the fore-brain (C^) ; these latter are the larger plates, and are rather indented below 
in the middle. Opposite the eye-ball, the front third of which is cut across, there is 
a small tract of cartilage cut through ; it is rounded above and sharp below ; this is a 
tract which i-uns backwards as far as to the Gasserian ganglion (see Plate 15, 
figs. 2, 3, al.s., v.); it is orbito-sphenoidal here (0.5.), and alisphenoidal behind. 

Section 6. — The lens of the eye (Plate 14, fig. 12, e.) is now reached, and the sclerotic 
is becoming cartilaginous ; this section is very similar to the last, but the superorbital 
and orbito-sphenoidal bands (s.ob., o.s.) are thinner, and the trabeculae (tr.) are approxi- 
mating; here the fold of the upper lip (u.L) is cut through; it is seen to be folded 
ofi* fi'om the fore face, so that at this point it seems to be attached by a narrow 
isthmus ; the next two figures will explain this (see also Plate 13, fig. 11). 

Section 7. — This and the next (Plate 14, figs. 13, 14) are through the highest (or 
deepest) part of the brain, for here the bulging mid- brain (C".) lies right over the fore- 
brain (C^) in front of the infundibulum, which is cut through behind the second of 
these (Plate 14, fig. 1, inf.). Here the growing roof and walls of the orbital region 
of the skull are composed of three bands on each side {s.ob., o.s., o.s\), for over the 
emerging optic nerve a lower tract of cartilage has appeared, which is thick on its 
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inner face, growing into the sulcus between the swellings of the brain (C^., C^). Here 
the large optic foramen is a " fenestra/' as in Frogs; its upper margin is formed by 
this lower orbito-sphenoidal process (o.s'.), and its lower edge by the trabecula (tr.); 
this plate now touches its fellow of the opposite side. The upper lip (u.L) is seen in 
all its depth here, and the teeth (t.) are in full view ; they are looked at from behind. 

Section 8. — In this slice (Plate 14, fig. 14) the hinder half of the eye-ball and optic 
nerve {e., II.) is seen, and the brain (C\, C^.) is here at its greatest bulk. The trabeculse 
(tr.) are confluent, are thicker, and rise more at the sides ; this is close in front of the 
post-pituitary wall. The thick hind part of the orbito-sphenoid is now ready to 
become ahsphenoidal ; its two parts are molten together, and the upper tract or super- 
orbital (5.06.) is now thickening aa it approaches the auditory sac, ready to become the 
postfrontal ('* sphenotic '') wing. 

Close behind the upper lip (u.l.) two curved plates of cartilage are cut across; 
these are the pterygd-quadrate bars (pg-q*), they are thick outside, and bevelled where 
they meet. 

Section 9. — In this section (Plate 15, fig. 1) the mid-brain (C^.) is at its widest part 
and overlies the infundibular end of the fore-brain (inf.), to which the pituitary body 
(py.) is becoming attached ; this is through the hinder part of the eye-balls (e.), and 
close in front of the Gasserian ganglion (see fig. 2, V.). 

The superorbital band is now the " sphenotic " (sp.o) ; below it there is a large mem- 
branous fenestra, and the short oval section of the narrow alisphenoidal band (als.). 
The trabeculae (tr.) are apart again, where the pituitary body (py.) passes down ; they 
are altogether narrower here, and are grooved by vessels below. Here the pterygo- 
quadrates {pg*q>) are cut through their middle part, and here, in the re-entering angle 
behind their upper junction, a considerable wedge of cartilage is seen ; this is the 
azygous metapterygoid {mt.pg\) ; it has a pair of smaller pieces {mt.pg".) or lateral 
metapterygoids attached to it ; underneath this arched palate a number of teeth 
(pterygoid teeth) are seen. 

Section 10. — This section (Plate 15, fig. 2) escapes both the eye-balls and ear-sacs, and 
is through the body of the Gasserian ganglion (V.) and behind the pituitary body. 
Here the trabeculae are confluent again in front of the low post-pituitary wall and the 
end of the notochord. The sphenotic cartilage (sp.o.) is now ear-shaped in section, 
convex outside, and has two sub-concave inner faces, one applied to the skull- wall and 
one hanging down free. The pterygo-quadrates {pg*q*) are cut across a little in front 
of the hinge of the lower jaw, they are acuminate-oval in section, with the point down-r 
wards. The lower lip with its teeth (Z.Z., t) is here displayed, and the large "adductor 
mandibulse " {ad.m) is cut across its belly. 

Section 11. — This (Plate 15, fig. 3) is the first of the auditory sections; the capsules 
(aw.) are severed in their antero-superior-angle, to which is attached the upper and 
lower processes of the sphenotic (sp.o). Through the wall of the capsules the 
ampulla of the anterior canal {a.s.c.) is seen. The alisphenoid {ahs) re-appears in this 
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section, and is twice as large as in fig. 1 ; the Gasserian ganglion (V.) is here cut through 
behind, and lies within its proper boundaries, namely, with the alisphenoid {cd.s.) 
above and the investing mass (iv.) below. This section is near the edge of the low 
post-clinoid wall (Plate 14, fig. 4, pxl.) and the apex of the notochord (71c.), which here 
lies on the gently-scooped plate formed by fusion of the two parachordal bands (iv.). 
The pterygo-quadrate {pg^q-, q-) is cut across close in front of the hinge, above and 
below, for it appears in two parts on account of its curve downwards to form the hinge. 
Meckel's cartilages also (mk.) are cut through close to the hinge ; they are placed across, 
behind the mouth, are gently arcuate, and slowly lessen towards the meeting point. 
Outside the hinge, an angle of the symplectic (sy.) has been cut off. 

Section 12. — This section, half of which was drawn (Plate 15, fig. 4) like the last, 
is 2i front view ; here the cavity of the auditory capsule is laid open, with the ampulla 
and part of the arch of the anterior semicircular canal (a.«.c.). Tlie sphenotic cartilage 
is still seen above and below this front part of the capsule ; from the capsule to 
the investing mass is the foramen ovale with the ganglion of the 5th (V.), perhaps also 
part of the "ganglion geniculatum," which belongs to the facial and auditory nerves 
(Plate 14, fig. 4. VII., VIII.) ; the notochord (tic.) still lies on the investing mass (iv.). 
The hinge of the lower jaw is seen from its front face ; the rod of the mandible (mk.) 
was in the last section, and this shows the articular region. The quadrate end of 
the pterygo-quadrate (q-c) is seen in its full size with its orbitar process (or.p.) ; outside 
the hinge the symplectic (sy,) is shown, and the hypo-hyal and half the cerato-hyal 
{h.hy.9 chy.\ and some of the teeth of the lower lip (^.), towards the mid line. 

Section 18. — In this section (Plate 15, fig. 5) the hind-brain (C^.) is becoming 
narrower, and each auditory capsule under the arch of the anterior canal (0.5.0.), is cut 
through so as to expose the ampulla of the horizontal canal (h.s.c) ; above, there is a 
rudimentary tegmen cranii, continuous with the capsule and the hind part of the 
" sphenotic " tract. At this part the capsule, as is the rule in Fishes, is open towards 
the hind-brain, and in the fissure, below, the *' ganglion geniculatum" (VII., VIII.) is 
shown. Here the capsules and the basal plates (iv.) are quite confluent, and the noto- 
chord {nc.) divides the latter, lying down between the two halves. The front face of 
this section was figured ; here the massive symplectic {sy.) is shown in its front half, 
and a considerable portion of the cerato-hyal {c.hy.) ; the hypo-hyals are lost in this 
section, they were shown in the last (fig. 4) ; the basi-branchial, the first hypo-branchials, 
and part of the first cerato-branchials (Ji.hr\y c.hr^.) are shown here as well as the 
i^ protractor hyomandibularis " muscle (pf., hm.). Teeth {t.) are seen as far down, inside 
the throat, as the first hypo-branchials. 

Section 14. —In this section (Plate 15, fig. 6), the hind-brain (C^.) is much smaller, 
but the auditory capsules are at their widest part; they are continuous with 
the thickening parachordals, which enclose an enlarging notochord (iv., nc.). Below 
these parts and their underlying vessels, teeth {t.) are still seen. The super-occipital 
tegmen (s.o.) is growing inwards from the edge of the capsules, but these margins of 
the great fontanelle are nowhere closed in (from end to end) at present, 
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The arch of tlie anterior and horizontal canals, and the vestibule {a.s.c^ h.s.c.^ vh.) are 
laid open, and below, in the great open " meatus intemus," the ganglion of the 7th and 
8th nerves is still seen. 

The hyomandibular (hm.) is here articulated by its convex head with the concave 
surface of the auditory capsule, and looks hke the proximal segment of a large hmb 
joined to its own hmb-girdle. This is correlated with the downgrowth of the mouth, 
whose own arch has been carried far away from its cranial attachment. Here we see 
the symplectic, inter-hyal, and proximal part of the cerato-hyal {sy., i.hy., c.hy.) ; and 
behind these, near the middle, the lower part of the "first and second branchial arches 
{h,br\, c.hr.^, h.hr^.^ h.br.). 

Section 15. —In this section (Plate 15, fig. 7) the posterior canal (p.s.c.) is laid open 
throughout its whole extent, and here the capsule (au.) is re-acquiring an inner wall. 
Below, it is joined to a very solid basal plate (iv.), right and left, the moieties of this 
plate clip the large notochord (nc), which is only partly embraced by them. 

Parts of the first and second branchial arches (jp.6?'K, e.hr^., c.hrK, c.br^.) and some 
gill papillae come into view here. 

Section 16. — In this view (Plate 15, fig. 8) the back wall of the auditory capsule (au.) 
behind the posterior canal is shown ; here the massive basal plates (iv.) are growing 
upwards to form the occipital arch (e.o.), and are separated from the auditory capsules 
by a large chink. Here the 9th and 10th nerves (IX., X.) are seen growing fi-om 
the hind-brain (C^.)> forming their ganglia and giving off their trunks. Paii: of the 
gill arches (6?\) and their gills are shown on each side of the pharynx. 

Section 17. — Here we see (Plate 15, fig. 9) that the occipital arch (e.o.) is imperfect 
above ; below, each mass of cartilage (iv.) cleaves closely to the huge notochord (nc.) 
the arch is produced into the angular processes on each side. that project from the 
auditory capsules (see fig. 13). 

Fourth Stage, — Young Sturgeons (Acipenser sturio), 7^ to 8 inches long. 

In this stage the Fish is completely metamorphosed, and the only important change 
which takes place afterwards is immense increase in size, and the addition of certaiu 
bony centres, both parosteal and ectosteal. 

I have had no intermediate sizes between Sterlets 7 lines long and Sturgeons 
7 inches long, but in LepidosteuSy another Ganoid (the subject of my next paper), two 
instructive stages come in at this point, and make the interpretation of this lower 
type of skull easy. ^ 

In larval Lepidostei the size of my largest larval Sterlets, namely, about 16 millims., 
the azygous intertrabecula has already filled in the space between the trabeculse, in 
front ; and in specimens already like the adult, and 1 inch long, the trabeculse have 
developed their comua, and the intertrabecula has shot forwards as a long pre-oomual 
rostrum. At that stage the endocranium of Lepidosteus is extremely Acipenserine, and 
explains, and is explained by, the skull of this stage in the yoimg Stuigeon. 
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A. Ectocranium of the young Sturgeon ( Acipenser sturio). 

In this stage there are scarcely any proper " parostoses " and very few " endostoses," 
but the head is well covered with " dermostoses " that are simply the ordinary Ganoid 
scutes (Plate 15, figs. 10-12), brought more or less into relation, both in form and in 
numhe7% with the underlying endo-skeletal structures. 

Of course, the homology of these scarcely altered superficial scutes with the special 
deep laminaB of bone that are so completely dominated by the endocranium in higher 
types, is imperfect and partial. These scutes present us with too much or too little 
when we are looking for the normal, highly specialised "investing bones" of the 
higher types ; their inner layer, only, can correspond with those bones, and that is but 
imperfectly related to the parts within. Moreover, it is only in certain regions that any 
strict compaiison can be made : this is in those cases where some unusually large scute 
has starved out its neighbours and has become the roof or wall of some particular part 
of the skuU or face. Nevertheless, for the sake of uniformity of language, 1 sliall call 
that scute which more perfectly than any other covers the nasal capsule, the nasal (n\) ; 
the large plates over the hemispheres, the frontals {f\) ; those over the mid-brain, the 
painetals ( j/.) ; and those over the auditory ledge, the squamosals {s(/.). 

In the fe.ce it will not be difficult to seize upon the true meaning of certain ichthyic 
boneSy namely, the "operculars;" and the "splints" (parostoses) that are applied to the 
highly specialised pterygo-quadrate and mandibular apparatus will also, by comparison 
with like parts in other Ganoids, and in the Teleostei, be interpretable. 

The round swollen head of the larva (Plate 12) is now changed into a long wedge- 
shaped recurved rostral structure (Plate 1 5, figs. 1 0-1 2), and this structure is invested now 
by solid ganoid plates in great number ; but only certain of these can be pitched upon 
as deserving a special name.^^' The number of bones covering the snout is very great ; 
none of these can be called " premaxillary," only one can even by courtesy be called 
"nasal" (figs. 10, 11, n.), whilst below (fig. 12) several bones contend for the name of 
" vomer." The eye is protected by supra-, post-, and sub-orbitals (5.06., pt.oh.^ su.ob.) ; 
the post-orbitals run back and become temporal scutes, the chief of which is called 
the squamosal {sq'.). A very fine scute lies over the opercular region and is the true 
opercular (op.) ; \mder it there are two rugged, squarish plates — these are the sub- 
opercular and inter-opercular {s.ojx, i.op.) ; the pre-opercular (Plate 16, fig. 1, p.op,), as 
in LepidosteuSy is a very small " parostosis," applied to the side of the quadrate region 
of the suspensoriiun. 

The orbital rim and eye (fig. 10) are small ; the nasal pouch has a small upper, 
and a large lower opening; these openings are obliquely placed, so that the upper is also 
the foremost space. These capsules keep close to the antorbital region ; in Lepidosteus 
they are canied to the end of the long beak. Behind the main post-cfrbital, and at 

♦ I rnnst refer my readers to the views of those excellent " experts " whose works are referred to in 
the Bibliographical List, especially to those of Professors Huxley, Traquair, and Bridge. 

MDCCXliXXXII. Y 
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cartilages appear right and left of the notochord. That rod {nc.) is invested with 
a thick mesoblastic sheath of true cartilage, which, as the sections show, is thoroughly 
confluent \rith the parachordals in the basis craoii. In front (Plate 16, fig. 2, wc, 
p.cL, py»), it runs up nearly to the pituitary space, but does not ascend into 
the post-clinoid wall — an arched and almost horizontal plate of cartilage, the true 
organic end of the skeletal axis ; aU the rest, to the end of the snout, is formed 
of special outgrowths from the fore end of the basal plates. The relative size and 
thickness of the various parts of the chondrocranium will be shown afterwards in 
the description of the sections. 

C. Visceral arches of a young Sturgeon 7^ inches long. 

There is no distinct rudiment of any arch in front of the mandibular, with its 
extended and complex pterygo-quadrate " pier ; " the rudiment of the ethmo-palatine 
cartilage only exists as an extension of the aliethmoidal mass (Plate 16, fig. 1, 
ai.e.y The pterygo-quadrate plate (Plate 16, figs. 1, 4, 5, 6, pg.q.) lies in an almost 
horizontal plane, and at a very variable distance from the basis cranii. The right 
and left plates meet by their extensive straight upper edge ; then they curve out- 
wards and backwards ; their fore margin is rounded, their inferior edge concave, 
and their hinder edge is sinuous and notched. Outside the rounded condyle (q.) 
there is a leafy growth, imperfectly adze-shaped, which passes outside the adductor 
mandibulaB ; this is the "orbitar process" (Plate 16, figs. 1, 7, or.p.). Three-fourths of 
their inner face is invested by the pterygoid bone (pg.), a thickish plate with a deep 
gap in its blade, in front ; the front third of the cartilage is bare, and its hinder 
margin has suffered absorption — not direct ossification, through the pressure of the 
pterygoid bone. A sharp style of bone, with its broad end in front, lies along the 
concave antero-inferior margin ; this is the palatine (pa.) — a mere parostosis. 

A larger bone curves round the front of each plate, where the two sides meet — ^both 
bone and cartilage — and then runs backwards, outside the adductor mandibulse, and is 
attached to the outer faco of the orbitar process; this is the maxillary (mx.). 
Mounted on the hind part of the maxillary, and at right angles with it, there is 
a little triangular bone, with its apex upwards ; it binds against the ribbed outer 
edge of the quadrate region of the cartilage ; this is the pre-opercular (p.op.), smaller, 
here, than in Lepidosteus. 

The mandible {ink) is shorter than the forwardly extended pier, it is like that of a 
Tadpole, having a thick articular region, a hollow for the quadrate, a rounded angular 
process, and a short terete main rod ; a flat dentary bone {d.) invests its outer surface, 
which has a similar outline to the rod. 

The most remarkable part of this apparatus, however, is the common compound 
(tesselated) " metapterygoid " region. At first (Plate 13, fig. 10) the main middle 
piece, only, was present; then a right and left segment appeared (Plate 15, fig. 1) ; 
now (Plate 16, figs. 1, 5, 6, mt.pg\^ mt.pg") there are fifteen. These have a general 
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symmetry, the large median piece being sub-oval and the large lateral pieces wedge- 
shaped ; but the number of the lesser segments varies, and the outermost, on the left 
side, is only half separated. In front, the edge is turned downwards (Plate 16, fig. 6), 
and here a second median cartilage appears, with three lesser segments on the, right, 
and two on the left side. The whole of this " unpaariger Gaumenknorpel " (Muller) 
is a gently convexo-concave, two- winged structure, which finishes the hard roof of this 
remarkable tubular protractile mouth. 

The uppermost segment of the hyoid arch (hvi.) is nearly twice the height of the 
ascending, but arrested, quadrate region ; it is the largest of five " internodes " in this 
double-sized, forked arch, with its double function. The head of the hyomandibular is 
rounded (Plate 15, fig. 13, and Plate 16, figs. 1, 5, km.) ; it curves backwards, and sends 
from its lower two-thirds a large thick flange, the opercular process; this causes 
the width of the bar to be more than doubled. Its lower condyle is cylindroidal, and 
the concavity on the next joint answers to it, so that it is like the humero-ulnar 
joint of a Mammal. Just the neck of the bar is ringed with an ectosteal deposit. The 
next segment, or symplectic (sy.), is scarcely half the bulk and length of the last, and 
its shape is different; it is a phalangiform cartilage, hinged to the hyomandibular, 
above, tied by ligament to the quadrate and angle of the jaw, antero-inferiorly, and 
having a little concave facet inside its upper part for the inter-hyal {i.hy.), a very 
small subquadrate segment. 

This small secondary suspensorium carries the lower part of the arch so that it lies 
inside the upper ; it is composed of two segments, for the distal fifth is segmented off; 
the main piece is the phalangiform cerato-hyal (Plate 16, figs. 1, 4, 5, cJiy.). The 
middle third is ossified ; the distinct piece at the end, the semi-oval hypo-hyal (h.hy.), 
is soft ; they meet by their narrow rounded ends, without the intervention of a 
basi-hyal. 

The rest of the arches — the five branchials (Plate 15, fig. 13, and Plate 16, figs. 1, 4, 5) 
— are very uniform, very solid, grooved on their outer faces for the branchial vessels, and 
are quite unossified at present, and at present they have only one common basal bar, 
the basi-branchial (b.br.), which does not reach the last arch. They form, below 
(Plate 16, fig. 4), a very regular series with the lower part of the hyoid arch ; they are, 
in their lower part, larger than the cerato-hyal at first, and then lessen, backwards. 

Only the first three have hypo-branchial segments {h,br.) ; these are larger than 
the hypo-hyal. The upper part of each arch is shorter than the lower ; in the first 
four there is a single small ear-shaped pharyngo-branchial {p.hi\) ; thus the last arch 
has only one piece on each side, and the last but one, three. The segmentation of the 
hyoid arch is thus seen to be very different from that of a typical biunchial, which has 
no interhranchial piece, and the upper part of which is dii-ectly superimposed on the 
lower ; moreover, I look upon the hyomandibular and symplectic as a divided 
epi'hyaly with no pharyngo-hyal, above. 
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D. Tramversely'Vertical sections of the head of a young Sturgeon 8 inches in length. 

These sections show much clearer signs of the composition of the great ethmo-nasal 
tract than can be got from the outside views of dissected skulls ; moreover, they 
display the curiously cancellated and burrowed condition of the very hard hyaline 
cartilage. There is generally some fatty tissue imbedding the vessels that run in 
these burrows and spaces. 

Section 1. — The first of these (Plate 15, fig. 14) is through the end of the beak, and 
the "prenasal rostrum" or intertrabecula {i,tr.) is depressed or spindle-shaped in 
section ; rough dermal bones are seen surrounding it. 

Section 2. — In the next (Plate 15, fig. 15) the cornua trabeculse {c.tr.) are cut through 
at their fore end ; they are depressed at this part, sub-concave above, rounded below, 
and attached by a narrow isthmus to the top of the intertrabecula (i.tr.) which is 
sub-triangular here, and dilated and convex below. A rounded chink separates these 
three pre-cranial elements almost to their roots. The dermal bones form a flat upper, 
a round lower surface, and a lobate side. 

Section 3. — Here (Plate 15, fig. 16) the three elements have become fused together, 
but the burrowing vessels and the fatty tissue show the original line of union of the 
parts. The form of the triple rostrum is, above, concave at the middle, and convex at 
the sides ; below, concave laterally, and convex at the middle. 

The dermal covering takes the same form, but the sides are notched ; here, as in 
the last, a sub-marginal groove, right and left, appears, below. 

Section 4. — Here (Plate 16, fig. 8) the enlarging beak shows a more roimded 
cartilaginous pith, but is very similar to the last ; this is more than half way to the 
nasal capsule, behind. 

Section 5. — In this (Plate 16, fig. 9) the rostrum, close in front of the nasal capsules, 
has become multiangular ; the cornua trabeculae {c.tr.) are again united merely by 
an isthmus to the intertrabecula mass ; they are thick, almost bilobate, and descend 
obliquely ; they are separated by a semicircular notch, laterally, from the middle part 
{ii.tr.) ; below, also, a similar concavity is seen, right and left, but twice as large as 
those on the sides. Between the latter the intertrabecula is a rounded beam ; above, 
it is concave, and on each side has a lateral angle which bounds the lateral notch. 
The bones outside carry out this ridged form ; below, a thick squarish mass of bone is 
seen^ which is one of the vomerine series {v.). 

Section 6. — Here (Plate 16, fig. 10) the olfactory sacs {ol.) are cut through their 
middle, and here the angulation of the parts is intensified ; the cornua trabeculee (c.tr.) 
are now large wings, pedate at their free ends, and are separated laterally from the 
intertrabecular mass {i.tr.) by a very large semi-circular notch, in which the nasal 
capsule lies. Here the intertrabecula forms a roof over the sac, right and left, and it 
is very hollow above ; below it is burrowed by a vomerine scute (u), and is becoming 
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narrower, and more like a distinct beam ; here also the outer bones do but fiinge 
and enlarge the section. 

Section 7. — In this (Plate 16, fig. 11) section the antorbital wall is exposed, behind 
the nasal sacs ; that wall is composed of the aUethmoids {al.e.) and the eth mo-palatines 
{e.pa.). Here the paired cartilages are the trabeculee (tr.) for this section is behind the 
comua; but the intertrabecula {i.tr.) is very large from top to bottom. The middle 
region of the intertrabecula is the perpendicular ethmoid (jp.e.), on each side of which 
the olfactory nerves (I.) are escaping; its alaB above are becoming the superorbital 
bands (s.oh.), whilst below, its huge beam is burrowed by a vomerine bone (v.). 

Section 8. — In this section (Plate 16, fig. 12) the eye-ball (e.) is just caught, and the 
cranial cavity laid open at the olfactory foramina, with their nerves (I.) ; the rest is very 
similar to the last section ; in both, dermal bones defend the sides of the face, and 
above, the frontal scute is cut througL 

Section 9. — This (Plate 17, fig. 1) is through the middle of the orbit, where the 
superorbital band (s.oh.) narrows in ; here the supercranial valley is very large and 
deep, and the section of the skull has the shape of an Ox's face. In this young specimen 
the chondrocranium is very massive, and the pyriform cavity for the hemispheres (C^^). 
is only one-fourth as large as the section itself, which is widest below, and rather 
pinched in the middle. The skull, below the cranial cavity, is as deep as the cavity, 
and is burrowed, below, by the splintery fore end of the huge parasphenoid {pa.s.) ; 
the swelling cartilage on each side belongs to the trabeculaa (tr.) the middle part 
to the intertrabecula (i.tr.). The orbital muscles (or.m.) are planted in chinks of the 
basal mass. 

This section is in front of the mouth and through the front of the upper lip {u.l) ; 
there is, here, a crescentic cavity, with the horns below. 

Section 10. — In the next section (Plate 17, fig. 2) the small eye-ball is just missed, 
but the optic nerves (II.) are seen emerging from the brain (C^^). Here the cavity is 
something like an hour-glass, being as wide below as above ; the tegmen cranii (t.cr.) 
is twice as thick as in the last, and the basal mass {tr., i.tr.) only half as thick, for this 
is behind the lobes that envelop the parasphenoid (see Plate 16, figs. 1-4). 

Here the superorbital bands are wider and more solid, and externally, a new plate 
of cartilage has come in, on each side from the eaves of the hind skull ; this is the 
sphenotic (post-frontal) lamina (sp.o.). The solid basal plate is grooved sub-laterally 
and in the middle, and the parasphenoid (pa.s.) fitting to these sinuosities is, in section, 
like a stretched bow. 

Below the base of the skull there is a quantity of very lax tissue, permitting the 
greatest freedom to the movements of the protrusible oral apparatus, and below this 
we see the large arched mass of the " adductor mandibulse " muscle (ad.m.) on each 
side. Below the muscles, the fore part of the pterygo-quadrate cartilages (pg.q.) are 
cut through, and they are flanked by the maxillary and palatine bones (ma?., pa.) 
the former outside, and the latter beneath. 
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The mouth is nearly closed, the upper and lower lips, as in the next section {u.l., LL), 
are seen with their rugae, but without their teeth, and in the lower lip the mandibles 
(mk.) are just brought into view. 

The parietal scutes were cut through above, and post- and sub-orbitals were seen, at 
the sides, and below, but not figured. 

Section 11. — In this section (Plate 17, fig. 3) the sphenotic lamina (sp.o.) is thicker, 
but is still separated by a notch from the tegmen cranii (t.cr.) ; that part is thinner in 
the middle, and deeply concave. Here the cranial cavity has widened, for the section 
is close in front of the mid-brain. The section, now, is that of an Ox face with 
drooping horns, and the muzzle is now narrower around and under the infundibulum 
(inf.). On account of the very small size of the eye-ball (Plate 17, fig. 1, e.) four of 
these sections are between the eye and the ear ; in this the orbital wall (o.5.), which is 
extremely thick, is twice scooped for the orbital muscles and the fatty masses that 
occupy the orbit — much too large for the eye- ball. Here the intertrabecula has died 
out, and the trabeculse (tr.) have united directly with each other, and the plate thus 
formed has lost half the thickness seen in the last section (Plate 17, tig. 2, tr., i.tr.). 

The primary form of the trabeculse is still seen at the sides, below, and the whole 
of the basal plate is crenate, making the parasphenoid {pa.s.) assume an undulated 
form as it follows the risings and fallings of the cartilage. In this section the oral 
apparatus is cut through the middle, and the opening itself is crescentic below, with 
a notched upper outline ; this is due to the projection right and left of the ptery go- 
quadrates (pg.q.) and their investing bones, the palatines (pa., pg.). 

Here, the cartilages covered by the large adductor muscles (ad.m.) are sigmoid in 
section, and besides the outer bones, the pterygoids (pg.) now show themselves, both 
as an inner and an outer section, being through their forks. The quadrate region, with 
its orbitar process {q., or. p.) is separate, now, and over it is the maxillary (mx.) ; to 
the quadrate the mandible (mk.) is articulated, it then passes almost directly inwards 
towards its fellow, which it does not quite meet ; the dentary (d.) is seen flanking the 
Meckelian rod. 

Section 12. — In this section (Plate 17, fig, 4) the cranial cavity is Y-shaped, and 
contains the front of the mid-brain above the fore-brain (C^.), with the infundibulum 
passing into the pituitary body (py.). Here, in front of the post-clinoid wall, the 
alisphenoidal region (aLs.) is extremely thick —twice as thick as the tegmen (txr.) and 
the continuous sphenotic wings (sp.o.). 

In this section the parts round the mouth are like those of the last, but the 
foremost azygous metapterygoid {mt.pg'.) comes into view, and the mandibles (ink.) are 
cut away, distally. 

Section 13. — This (Plate 17, fig. 5) is through the middle of the mid-brain (C^), 
and the back of the pituitary body (py.). The post-clinoid waU, which is an oblique 
shelf nmning forwards and a little upwards (Plate 16, fig. 2, p.cl.), is here cut through 
obliquely so as to appear thicker than it is actually. This section seems to show 
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the pituitaty body as lying in a separate and very solid box, for the rest of the skull 
is quite distinct fi'om it, above. This arises from the fact that the foramina ovalia are 
here, with the trigeminal nerves (V.) ; the alisphenoidal wall, the roof, and the 
thickened sphenotics are seen in the upper part of the section. The pai-asphenoid 
{pa.s.) curls round the flatter base, the parietal (pg. by mistake for p\) and post- 
orbtial scutes were cut through. Below, the adductor mandibulse muscles {ad.m.)^ the 
pterygoid cartilages and bones {pg-Q'^pg^ <?., read pg.) are severed, and the latter are 
in one piece, for this is behind their great notch. The smaller azygous metapterygoid 
(mt.pg'.) is seen ; the extreme angle of the quadrate (q-c.) ; and the hinge and part 
of the shaft of the mandible (mh) through the dentary and the pre-opercular bones. 

Section 14. — Here (Plate 16, fig. 6) the breach in the lower part of the walls is 
repaired, for this is behind the foramina ovalia, and through the fore part of the auditory 
capsules (aw.); the ampulla and front part of the arch of the anterior canal (a.s.c.) are 
laid open. The roof is thicker and flatter ; the sphenotic wings {sjy.o.) are still large 
and thick ; the cavity of the skull is single, naiTower, and is half a long ellipse in 
shape, the angles of the broad upper end being rounded. Here the notochord is not 
seen, it has retreated too far backwards, but the parachordal mass (iv.) is hugely thick, 
and is wider ; it is close behind the post-clinoid wall. The fore part of the hind-brain 
(C.) is cut across, where it is giving off the facial nerves (VII.), close behind the roots of 
the trigeminals (fig. 5, V.). The last section was cut through the interspace between 
the pterygoid band and the orbitar process (fig. 5,pg.q.y q.c. ; and see also Plate 16, 
figs. 1 and 7); here the back of the suspensorium {q.c) is cut through, at the hind part 
of the maxillary bone and the orbitar process (mx., or.p.). A notch seen in the hind 
margin of the pterygo-quadrate cartilage (Plate 16, fig. 5, pg-q^c.) is cut across here, 
and the median part of the cartilage crops up, again, right and left ; between these 
the main azygous metapterygoid {mt.pg'.) is seen. The angle of the mandible {mk.) 
and the end of the dentary {d,) are also cut across. 

Section 15. — In this section (Plate 17, fig. 7) the chondrocranium attains its gi-eatest 
solidity, and here the small cranial notochord {nc.) has its point cut through. The 
sphenotic has given place to the "pterotic" region, the arch of the anterior and the 
ampulla of the horizontal canals (cf.s.c., li,s.c.) are exposed, and so also is the auditory 
nerve (VIII.), as it arises in the hind-brain (C^.) and runs through the meatus internus 
into the vestibule {vh.). Here the tegmen cranii is thick and concave, and the pterotic 
expansions {jyt.o.) are very rough and lobulate. Under the bulging sinuous para- 
chordal mass the parasphenoid {pa.s.) has become very wide, and now sends down its 
free edges. Under the capsules the " protractor hyomandibularis '' muscles {pt.hm.) 
are seen as huge triangular masses, and the *' adductor mandibulaD " muscles {ad.m.) 
are cut through in their hinder part. A little of the pterygoid region {pg.q) and the 
hind angle of the quadrate {q.c.) come into view, and between the former the median 
and main lateral metapteiygoids {mt.jyg'.y nU.pg'\). The deepest part of the ptoiygoid 
bone {pg.) is seen flanking the inner face of the suspensorium. Under the quadrate 
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a new and thick cartilage appears ; this is the symplectic (sy.), it is crescentic in this, 
its front edge (lower end), and between it and the quadrate there is a small nucleus 
of cartilage which will be described in the next stage — it is a *' suspensorial ray " (sp.r.). 
The chief scutes seen are the parietaJs ; the squamosal, the opercular, and the sub- 
opercular, also, may be tniced at this point, but are not figured. 

Section 16. — In this slice (Plate 17, fig. 8) we see several new parts come into view 
below ; above, the skull is altogether flatter, and the supercranial valley narrower. 
The auditory nerve (VIII.) is still shown, also the arch of the anterior and hori- 
zontal canals (see also fig. 7, a.s.c, h,sx). The basal plate (iv., nc.) is very irregular, 
as it passes into the auditory capsules, right and left ; the parasphenoid (pa.s.) partakes 
of this irregularity, and here its decurved wings are larger. The compound meta- 
pterygoid plate is composed at this hind part of a large middle, two large lateral, and 
two lesser intervening plates {mt.pg\, mt.pg\). The top of the hyomandibular is 
just seen and most of its great protractor muscle {pr,hm.) ; below, the symplectic 
is cut through from top to bottom. Below the wide oral cavity the cerato-hyal (cJiy.) 
with a thin ectosteal coating, the hypo-hyals (h.hy.), the fore part of the basi- 
branchial (6.6r.), and the fore end of the first hypo-branchials {h.br\) are also seen. 
The scutes are very similar to those of the last. 

Section 17. — In this (Plate 17, fig, 9), the cranial valley is seen to be wider again ; 
the auditory sacs are cut through where the posterior canal (p.s.c.) is descending, and 
the whole structure is lessened laterally; a thin pterotic eave {sjho., read pt.o.) grows 
down on each side. Here the hind-brain (C^.) is less, and it is giving off the roots 
of the large vagus nerve (X.) whose ganglion root and stem are laid bare. Here we 
still see that the auditory sacs are open to the skull (or only closed by membrane), 
and here the sacculus (s.) is seen hanging from the rest of the vestibule (vb.). The 
notochord {nc.) is becoming larger, and the thick curved basal plate (iv.) is here 
separate from the auditory capsules; below it the parasphenoid (pa.s.) is thick, 
and at its notched sides we see a pharyngo-branchial (p.fer.) and outside this part 
of the gills {g.). The lower part of the hyomandibular, part of the symplectic, inter- 
hyal, and cerato-hyal {hvi.^ sy., i.hy., c.hy.) are cut across ; and near the mid line the 
basi-branchial, the first cerato- and hypo-branchials, and the second hypo-branchials 
(b.br., c.br^., h.br^., h.br^.). 

Section 18. — In this section (Plate 17, fig. 10) the post-auditory fontanelle is 
just missed, and we see that it must answer to the interspace between the supra- 
occipital and first vertebral arch ; for the chondrocranium (see Plate 15, fig. 13) sends 
its copious growths over the proper spinal region. The cavity here is very large, this 
being, indeed, the "foramen magnum,'' and the ex-occipital walls are very thick, 
and almost vertical. The hinder part of the vagus nerve (X.) is still seen in the 
chink which separates — up to this point the sides form the base, which is increasingly 
massive, but has not a very large notochordal section (nc.) in it. The parasphenoid 
{pa,s.) is beginning to break up at the middle; outside it a phamygo-branchial is 
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seen (p.hr.), and outside that the most backwardly projecting part of the massive 
hyomandibnlar (hm.). 

Section 19. — The last of this series (Plate 17, fig. 11) is post-cranial; the ganglion 
of a spinal nerve (sp.n.) is cut across ; the medulla spinalis (my.) is seen to be vety 
small in proportion to the spinal cavity, and the notochord (nc.) is twice as large as 
in the skull, and reaches the tlieca vertebralis. The parasphenoid (pa.s.) is in two 
parts (see Plate 16, fig. 3) ; the hind and transverse processes of the undivided vertebral 
tract are very large, and are covered with large scutes. This section is behind the 
operculum (Plate 15, fig. 10, op.)^ and through one of the hinder branchial arches ; in 
the general branchial recess, the pharyngo-, epi-, and part of the cerato-branchials 
(p.hr., c.hr., e.hr.) of a middle gill arch, and some of the gills, are shown. 

Behind this part the notochord becomes thicker, and its chondrified sheath more 
distinct ; the forked parasphenoid dies out, and the neuro-central cartilages appear 
(Plate 16, fig. 3). 

Fifth Stage. — Advlt Sturgeon (Acipenser sturioV^ 

The Sturgeons dissected for this stage were about 4 or 5 feet long, such as are most 
commonly seen in the markets ; my last stage is from a much larger specimen, but 
not from the largest. Dr. Gunther (* The Study of Fishes,' p. 362) says that this 
species attains a length of 1 8 feet. 

The swelling of the fore part of the trabeculae and intertrabecula in the orbital 
region becomes very remarkable, and the cartilage becomes subdivided into an upper 
and a lower stratum ; between these the parasphenoid (Plate 18, fig. 3, tr., i.tr.,pa.8.) 
grows as a thin dentate lamina, with one very long median spike. The clavate swell- 
ings of the trabeculae bind on the sides of the exposed part of the parasphenoid, and 
the second floor of cartilage in the middle {i,tr.) runs up to the base of the huge rostrum, 
appearing below as a rounded elevation, separated from the lateral lobes by a deep 
sulcus, which is filled with fatty tissue. In the fatty tissue outside the paired lobes 
of cartilage there is a series of four thin cartilaginous plates {e.pa\) ; they are outside 
the trabeculae, and behind the ethmo-palatine boimdary of the nasal sac, and probably 
represent, partly, as Mr. Howes suggests, the free ethmo-palatines of other kinds ; in 
Siredon I have shown that there are two of those cartilages on each side (Phil. Trans., 
1877, Plate 24, figs. 1-3, epa., pt.pa.) — an *' ethmo-palatine " and a ** post-palatine. "t 

• The dissections, figures, and notes for this stage were made for me by my friend Mr. George Howes, 
Professor Huxlet*s talented Demonstrator. 

t 1 wish to put all these pre-oral growths together for comparison, in hope of obtaining a clue to 
their real nature. Mr. Balfour's writings have made me very doubtful of the view that, at one time, 
seemed to me to be almost demonstrable — viz., that these antorbital cartilages were in reality the 
rudimentary upper part of a pre-mandihilar visceral arch, but their position, in front of the hypoblast, 
makes their determination as difficult as that of the pro-chordal part of the basis cranii. 

Z 2 
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The most important further modifications to be seen in these large individuals, are 
in the visceral arches. 

There are seven arches, and the whole series is displayed in a side view (Plate 18, 
fig. 5) so as to show then* relative size, and their varied modification ; in that figure 
the inferior part of the hyoid arch is shown as drawn backwards towards the first 
basi-branchial (c.%., hJiy,y h.hr^.) ; in reality it runs across to meet its fellow in the 
floor of the mouth (fig. 10, c.hy., h.hy,). 

The two first arches, the mandibular and hyoid, are intensely specialised ; the other 
five are very similar to those of the Elasmobranchs, save that they have some of the 
larger bars partly ossified ; and are still more like the branchial arches of Holostean 
Ganoids and Teleosteans. The upper elements of the mandibular arch, the right and 
left " suspensoria," are transformed into the oblique convex roof of the very mobile 
protrusible mouth, and the free mandibles are made to be antagonistic to the antero- 
inferior part of this complex structure. Each cartilaginous suspensorium is a broadly 
falcate plate, whose arched upper border comes in contact with that of its fellow in 
front and above ; below and behind, it suddenly bends forwards and becomes very solid, 
to form the quadrate condyle (figs. 4, 5, q.c). The whole plate is gently and sinuously 
convex above and concave below ; behind, over the hinge, it thickens into a rib-like 
enlargement, and grows outwards and forwards as a superficial *^ orbitar process" (or. p.). 
The upper margin is arched regularly until near the hinge, and then is hollowed a 
little ; the lower margin is twice-notched and concave. The bones applied to these 
pterygo-quadrate plates have not caused the absorption of the cartilage in this stage, 
which is relatively more extensive than in the last stage, in which the hind margin 
was notched. The outermost bones are the largest; they are the maxillaries (mx.), 
they are strongly bowed, dilated most where they meet in front of the cartilaginous 
plates, and to a lesser degree where they bind upon the orbitar processes behind. A 
large space for each " adductor mandibulse '' muscle exists between the maxillaries and 
the pterygo-quadrate cartilages. Another superficial bone stands upright on the hind 
end of the maxillary ; it is a high triangle, and its base is below. It binds on the thick, 
ribbed, outer edge of the suspensorium in its quadrate region ; this is the small "pre- 
opercular" (p.op.), whose almost equally small counterpart exists in Lepidosteus. Along 
the lower edge of the cartilage, in front, a very jagged little bony scale is seen, overlapped 
by the fore end of the maxillary. This is the mesopterygoid (ms.pg.) ; it was not a 
separate bone in the last stage. Behind it there is a small style, with its sharp end 
behind, reaching to the end of the foremost and larger notch; this is the palatine (pa.). 
Inside the plate (pg-q-) there is a large parostosis, the pterygoid ; it lines all the 
cartilage except a falcate tract in front and above; this causes it to be sharply 
notched in front ; this form is well shown by the shading of the cartilage (Plate 18, 
fig. 4). 

The mandible or Meckelian rod (Plate 18, figs. 5 and 8, mk.) is a very short stout 
cartUage like that of a Tadpole ; the condyle is convexo-concave, and the angular 
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The neck and shoulders of the hyomandibular are ossified, so as to leave the round 
convex head and expanded lower part unchanged. The osseous shaft is hour-glass- 
shaped, very thick, and leaving only a small core of cartilage unossified (Plate 18, 
figs. 5-7, hm.) ; this bony tract is very angular, in section, and somewhat four- 
cornered. On the outside of the bony sheath, embedded in the periosteum, there are 
simple and forked cartilages (Plate 18, figs. 5, 6, 7, hm.r.), evidently rudimentary 
"branchial-rays ; '' as seen in the sections (figs. 6, 7) they are very solid, "and usually 
exist upon (a) the anterior, and (6) the outer face only ; in one specimen, however, 
(fig. 7) they also occurred upon the anterior and inner " (Howes) ; they are very 
variable as these sections show. 

The " toe " of the hyomandibular (hm.) rests upon the upper face of the upper end 
of the next segment, the symplectic or lower epi-hyal (Plate 18, fig. 5, &y.) ; the two 
are attached together by a strong fibrous joint. This distal segment of the hyoid 
''pier" is half the length and half the medium width of the upper piece; it is 
phalangiform, straight, and thick. Distally it is attached by a strong fibrous joint to 
the quadrate region (q.c.), which it carries ; proximally, at its proper upper end it is 
articulated to the inter-hyal (i.hy.) ; it is wholly unossified. 

The intercalary segment, or "inter-hyal" (i.hy.) is a sub-cubical, lobulated mass of 
cartilage, interposed between the symplectic and the lower element of the hyoid arch, 
the cerato-hyal (c.hy.). This latter segment in the undisturbed condition of the 
parts nms across and a little forwards under the throat ; it is about the size of the 
symplectic, but more slender and has a narrow waisted ectosteal tract a little below 
its middle. This bone is nearly half the height of the bar, is pinched and angular, 
has an unossified pith and extra-hyal cartilages (Plate 18, fig. 9, c.hy., c.hy.r.), like the 
hyomandibular. 

There is a thick wedge of cartilage segmented off from the cerato-hyal, the hypo- 
hyal {h.hy.) ; it is attached by fibrous tissue to its fellow, the related ends being 
narrow, and also to the fore end of the first basi-branchial (Plate 18, figs. 5 and 
10, h.hy., Kbr^.). 

The thick, solid, strongly bent branchial arches (Plate 18, figs. 5 and 10) lessen and 
become simpler from before backwards. The joint between the main upper and 
lower segments (c.&r., c.hr.) is a well formed " elbow," the upper part is a L'ttle less 
than the lower. Only the first and second branchial arches are perfect, and they 
have acquired an additional pharyngo-branchial (fig. 5), and these small segments rest 
on short forks of the epi-branchial (e.brj). There is only one pharygno-branchial on 
the third arch {p.^fr^.), and that on the fourth has (evidently) become fused with the 
epi-branchial (e.6r*.). The fifth arch is in one piece, it is a cerato-branchial (fig. 10, c.bf^.), 
and like the four cerato-branchials in front of it, has a bony tract in its middle part. 
Only the first and second epi-branchials (e.br\, e.h"^.) have ectosteal tracts. On the first 
of these there are at least two imperfect "rays" (br.r.), as on the arches in front. 
The lower part of each arch is bowed outwards, the upper is sigmoid, and they are very 
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angular, especially where the ectosteal tract exists. Only the first three have hypo- 
branchials (Plate 18, figs. 5 and 10, A.6r^~^) ; these begin much larger than the hypo- 
hyal and then lessen backwards ; they are fiiat, finger-shaped, and not ossified. 

Another addition of cartilaginous segments has taken place below ; in the young 
Sturgeons (Plate 14, fig. 5, and Plate 16, fig. 5) there was only one basi -branchial 
carrying the three first arches. Now, three new smaller segments have appeared 
(fe.&H^.), the last of these is wedge-shaped, and belongs to a suppressed arch, for it passes 
behind the pedate end of the arrested fifth arch ; the foremost piece belongs to three 
arches. 

These piers are compressed, and the first, which belongs to three arches (i.fer^^^), is 
nodose. 

Sixth Stage. — Skull of an unusually large* Sturgeon (Acipenser sturio) (in the 

Hunterian Museum). 

This very valuable specimen of a much older individual, shows some very important 
modifications, which have, as it were, an upward look towards the Holostean Ganoids 
and the Teleostei. 

In the last stage the pterygo-quadrate cartilages were even more perfect than in 
the young of 7 or 8 inches in length. In this specimen, however, the ** parostoses" 
have caused a considerable amount of absorption of the hyaline cartilage, just as the 
dentary, normally, causes Meckel's cartilage to shrink and even become absorbed ; 
but I cannot find any evidence of a direct ectosteal relation of the bone to the 
cartilage. The pterygoid bone (Plate 17, figs. 12, 13, ^>(/.) gets over to the outer side 
over the convex inner margin, and causes the absorption of the cartilage in that 
region. Moreover, the jagged bony tract which represents the mesopterygoid, and 
which in the last was at the antero-inferior edge of the cartilage, is now (Plate 17, 
figs. 12 and 13, ms.pg.) a sharp wedge of bone filling up the space between the forks 
of the pterygoid on the inner side (fig. 1 3), and is seen as an oval plate of bone nearer 
the top than the bottom, on the outer side (fig. 12, 7M5.^>gr.). These differences are not 
all due to age ; there is a considerable amount of variation in individuals of the same 
nge in these types, where the sub-cutaneous and sub-mucous bony tracts are but 
deeper scutes, and where the chondro-skeletal regions are so generalised and, as it 
were, hypei^trophied. 

With regard to the buried scutes, we see a right and left variation in this same 
specimen (Plate 18, figs. 1 and 2, the right and left orbital region in tliis large skull). 

Here there are no proper ectosteal prefrontals (ecto-ethmoids), orbito-sphenoids, ali- 
Bphenoids, or prootics ; but, since the last stage, parosteal tnicts have appeared in 
all those places; they are deep ** scutes," not shallow endo-skeletal elements, and are 
the prophecy, so to speak, of the special "ectostoses" seen in the Holostean Ganoids 
and the Teleostei, and in all the types above them, llound the thick antorbital 

* Even this specimcu was not half the size this species sometimes attains to. 
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(ecto-ethmoidal) mass of cartilage I find a thin but rough irregular layer of bone, just 
where the Teleostei have their proper ecto-ethmoid (Plate 18, figs. 1 and 2, e.eth\). Also 
over the optic foramen (II.) there is a very large splint (os.) appHed to the orbital 
cartilage ; it runs upwards and forwards. On the mght side only (fig. 1, aLs.) there 
is a much smaller plate in the alisphenoidal region, and behind and partly round the 
foramen ovale (V.) a thin serai-annular plate {pro\) representing the prootic of the 
higher types. But no direct grafting of bone on the cartilage can be seen, and the 
affinity of the bone for the cartilage or, vice versd, of the cartilage for the bone, is here 
extremely feeble ; there is no material interaction ; the co-ordinating force, however, 
has produced a plate of the proper form, and put it ready for use in the proper place. 

Summary and comparison loith other types. 

It is evident that we have in the Sturgeon a form which is practically intermediate 
between the Selachians and the Osseous Granoids (Holostei) ; the form of the larvae 
(Plate 12) suggests this view at once. I must again refer the reader to the researches 
of Salensky and Balfour on the embryology of this type ; my own recapitulation 
and comparison must be confined to the cephalic skeleton. 

A. The primordial skidl. 

We saw that in the larvse of Acipenser ruthenus only about a third of an inch in 
length (9^ millims.) the " embryonic cartilage" had largely become " hyaline ; " that 
the foundations of the cranium were laid, and the visceral arches were dijQferentiated 
and becoming quite solid. Here, it would seem, that in so small a larva of so large 
a Fish — and that Fish lying at the base of the great archaic group of the Ganoids — we 
have a good chance of seeing the primordial vertebrate skull in its utmost simplicity. 
The fact is, that we have a confusingly simple state of things. 

In the fore part of the spine, as well as in the whole basi-oranial region, the 
paired skeletal tracts that lie right and left of the mesoblastic sheath of the notochord, 
the hardening cartilage shows no signs of segmentation or intercalary vertebral sub- 
division ; this is just like what occurs in the Selachians (Trans. Zool. Soc, voL x., 
plate 35). Moreover, this Chondrosteous Ganoid remains in this condition, as far as I 
can find, throughout life, and does not acquire the occipito-cervical articulation, so well 
known in the Selachians, but which in them is a secondary modification of the parts. 
By careful comparison of all the facts I have been able to gather by observation of 
many types and at many stages, I cannot help coming to the conclusion that the 
normal intercalary verteh^al segmentation with which we are so familiar in the post- 
cephalic region of the Vertebrata, generally, is a comparatively late and secondary 
specialization in the evolution of this, the highest, group of animals. 

If Mr. Balfour's suggestion (' Comp. Embryol,,' vol. ii., p. 366) be true, viz. : that 
the fore-brain with its special optic and olfactory outgrowths is a sort of outgrowth or 
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addition^ itself, to the neural axis, then we have to reconsider the meaning of any 
and every part of the cranial skeleton which may be formed in front of the notochord 
and of the overlying and overfolded mid-brain. 

Thus all the prochordal cranial, and all the pre-mandihular facial growths of the 
skeletal cartilage have to be subjected, again, to the severest morphological inquisition 
under that light — the light of Embryology — which alone can make manifest their 
true meaning. 

If the notochord be the true organic axis of the skeleton of the animal, and if the 
visceral (or branchial) arches were only developed in relation to the hypoblastic bran- 
chial outgrowths of the dilated respiratory pharynx, then it seems to be necessary that 
we should consider all the skeletal parts in front of those structures as superadded 
specializations of, or "outgrowths" from, the front end of the proper Vertebrate form.* 

In certain types, namely, the Lamprey, the Selachians, the Urodela, and the Anura, 
the trabeculae are chondrified before the hinder or parachordal tracts. Nevertheless, 
the posterior part of the trabeculee in them is parachordal ; the rest, up to the *' atlantal '' 
region, may afterwards chondrify separately, as in the Urodela, or continuously, as in 
the others. 

In Acipeiiser, Lepidosteus, and Sahno I find no difference of time in this matter, and 
should therefore be inclined to look upon the earlier growth of the trabeculoe as due to 
the special weight and pressure of the fore-brain in those cases, and as a non-essential 
modification, just as I consider the later segmentation of the trabeculae from the 
investing mass in Scdmo and Chdoiie, and to a less extent in Crocodiles and Birds, as 
a non-essential specialization. 

Yet the trabeculsB are as truly part of the proper mesoblastic axial skeleton as the 
fore-brain is part of the proper epiblastic neural axis. 

The whole of the pre'Cerebrcd tracts of the skull, namely, the comua trabeculas and 
the greater part of the intertrabecula — all of it that lies in front of the exit of the 
olfactory nerves — 1 should consider to be mere outgrowths or " apophyses " of the 
cranial skeleton. 

The axial skeleton is more aborted in front than the axial nervous system, even if 
the fore-brain is reckoned as an additional part, for the mid-brain bends completely 
over upon itself, and the notochord only partially. Yet, as I have shown in Chelone 
viridis, its cartilaginous mesoblastic sheath is continued downwards as solid cartilage 
below and in front of the end of the notochord. I am inclined to think that the 
intertrabecula is a breaking out again of that mesoblastic tract (a sort of cranial 
" spadix '') but with its continuity, for a short space, interrupted. 

The ventral part of the primordial skull presents as many diflSculties as the dorsal ; 
the post-oral visceral (or branchial) arches, wliich may be both superjicicd and deep, 

• For my own part, I am quite content that this should be so, albeit my own descriptive language will 
have to undergo a considerable amount of evolutional modification, ^d many thiugs that seemed to me, 
once, to be clear and certain, made dark and uncertain. 

MDCCCLXXXII. 2 A 



178 MR. W. K. PARKER ON THE STRUCTURE AND 

have to be compared with such facial growths as may exist in front of the mouth, 
and these, if possible, have their relation to the post-cephalic arches determmed. 

Long ago, to those who knew nothing of Embryology, all this seemed to be easy 
enough ; now, with all the new, increased light from that source, the problem has 
become extremely difficult, and is certainly not solved, as yet. 

I do not see that the superficial cartilages that surround the mouth have any right 
to be compared, serially, to the aixjhes of the pharynx or of the chest ; they appear to 
me to be the most archmc structures in the skeleton — "barbels," ** labial cartilages," 
** nasal valves " — all these appear to me to be lineally descended from the inner 
supporting tracts of tissue of oral palpi, such as are met with in so many of the 
aquatic Invertebrata. The investing bones of the face may be grafted on such 
cartilages, but the two things are quite dijQferent in their nature. The condition of the 
visceral arches in this type, both in the larva and in the adult, has led me to 
reconsider the whole question of the nature of these arches. 

There are several things to be considered at the outset, before a comparison is made 
of the skeleton of the throat, the branchial skeleton, and the skeleton of the chest. 
The post-auditory part of the cranium has manifestly undergone secular shortening, 
so that the pharyngeal or ventral region belonging to it often extends under the twice- 
segmented spine, whose fore part is, so to speak, intercalary or superadded, and does not 
correspond with the arches beneath it, which often extend backwards for some distance. 

At one time this appeared to me to be an explanation of the feet that the inner 
(or proper) branchial arches of Fishes are developed beneath the fore part of the spine 
and the hind part of the basis cranii, whilst the mandibular and hyoid arches, the first 
and second of the branchial category, often fix themselves to the basal plates of the 
cranium. 

I now strongly suspect this view of the matter to have been a mistaken one ; and 
that it is the abnormal size and special modijication of the mandibular and hyoid 
arches that make it necessary for those arches to seize hold of swinging points above 
their normal dorsal region or apex. 

I think that the figures I have given of the visceral arches in the larval Sterlet 
(Plate 13, figa 6 and 11) will make my meaning plain. Here only one arch is 
attached to the edge of so much of the parachordal plate as may creep under the 
auditory capsule ; all the other arches are fairly under the head and forepart of the 
neck. 

This normally inferior position of the visceral arches is best seen however in the 
early embryo of the Skate (see in " Pristiurus," Trans. Zool. Soc., voL x., plate 35, 
fig. 4), where the metapterygoid, hyomandibular, and all the pharyngo-branchials, are 
shown in situ, after the whole cranium had been removed from above. 

The sub-division of the pleuro-peritoneal cavity by the hyppblastic branchial pouches 
in the early embryo, the rapid closure of those cavities (the ''head-cavities''), and the 
relation of the skeletal bars of the pharynx and mouth, whether deep or superficial — all 
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these things have to be carefully reflected upon before any classification of these ventral 
arches can be made. 

It seems to me that a cartilaginous arch developed inside a recently-closed ** head- 
cavity '* must be a part of the '* splanchno-pleure," and that a cartilage developed 
outside such a recently-closed cavity must belong to the " somato-pleure." * 

The rihs belong to the outer lamina of the body-wall of the embryo, so also, it 
appears to me, do the ** extra-branchials " of the Lamprey, the Tadpole, and the Shark. 

If all this be true, the normal " intra-branchial '' arches have no counterparts what- 
ever in the skeleton of the trunk ; they culminate in the class of Fishes, and are 
imperfectly developed, not only in the Abranchiata, but also in the degenerate 
Marsipobranchii, and the metabolic Amphibia Anura. 

The extra-branchials of some of these latter types, and of the Shai'ks, have some 
right and title to be classified as a sort of cephalic ribs, but perhaps that claim had 
better not be pressed for the present; it is safer for the Morphologist to keep 
certain things in solution, when any doubt remains, than to crystallize them into what 
may turn out to be obstructive error. 

In the metamorphosis of the larval Sturgeon the additional parts are easily 
explained, and are, for the most part, due to mere increase of certain tracts of tissue, and 
super-additions of secondary nuclei of cartilage, and of various centres of ossification. 

Moreover, the fact that the dermal scutes are largely dominated by the cartilaginous 
endoskeletal structures of the cranium and pharynx, however interesting from one 
point of view, is not of any great fundamental importance. 

With regard to the great '' shoots " of cartilage that grow out, forwards, from the 
primary basis-cranii, these are parts that undergo a most extraordinary amount of 
modification in various types ; they are speciaUsed siiperadditions to the essential 
skull, of great importance in Taxonomy, but of little account in that which is funda- 
mental in Morphology. 

Comparison with Polyodon. 

The skull of the other principal existing Chondrosteous Ganoid type comes singularly 
near to that of the Acipenserine skull, and in some things is curiously unlike it. Near 
as Polyodon approaches in the structure of its skull to Acipenser, it differs in having 
no complex metapterygoid plate, in the feebler ossification of its visceral arches, and in 
the presence of three pairs of *' endosteal " centres not to be found in the Sturgeon, 
The anterior palatine ectostosis placed just where both the mesopterygoid and pjila- 
tine plates meet in the Sturgeon, is probably the true homologue of the palatine bones 
of the Holostean Granoids ; the presence of a small prootic and opisthotic brings us 
nearer in this case to those higher types. The much larger and more perfect " orbitar 

• The branchial artery lies inside the head efevity, and afterwards, when the branchial arch is developed, 
runs up a groove on the outside of it (see Balfour's * Elasmobranchs,' plate 14, ^g. 13, a, p. 208; and 
• Comp. Embryol.,' vol. ii., p. 472, ^g, 328). 

2 A 3 
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process*' shows in Polyodon a nearer relationship to the larval Frog; the absence of a 
metapterygoid plate brings it nearer to the Sharks, and the three pairs of ectosteal 
centres to the Holostean Granoids. (See Bridge, Phil. Trans., 1878, Plates 55-57.) 

Camparsion with the Selachians. 

The development of the basis-cranii and cranial walls in Acipenser is very similar 
to what is seen in the Selachians ; and the after modifications are essentially alike, 
except that in the Sturgeon the cartilage is very massive, and the occipito-cervical 
articulation is not formed. The separation of a large symplectic, and a lesser inter- 
hyal segment, the complex metapterygoid plate, and the partial ossification of the 
visceral arches, are all modifications that separate this from the Selachian types. 

Comparison with the Holostean Ganoids. 

Most of the peculiarities which distinguish the skull in that group from that of a 
Sturgeon are so many steps in the direction of the Teleostean skulL To say nothing 
of the lighter build of the chondrocranium, the numerous ectosteal patches in the 
skull wall, the intenser ossification of the visceral arches, and the absence of a distinct 
symplectic cartilage (it may exist as a separate bony centre, as in the Teleosteans), all 
these things show how far the Holostei have become specialized beyond the chon- 
drosteous Acipensei\ An important modification occurs early in Lepidosteus^ namely, 
that the palato-quadrate is continuous, at first, with the trabecula ; the intertrabecula 
also appears earlier. I shall compare the skull of the Ganoids, generally, with that of 
the Teleostei, in my next paper, which will treat of the skull of Lepidosteus. 
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List of Abbreviations. 
The Roman figures indicate nerves or their foramina. 



ad.m. 


Adductor mandibulse. 


ras.pg. 


Mesopterygoid. 


al.s. 


Alisphenoidal region. 


mt.pg . 


Median metapterygoids. 


al.s. 


AUsphenoidal bony plate. 


mt.pg' 


. Lateral metapterygoids. 


an. 


Anus. 


7/liC. 


Maxillary. 


aq.v. 


Aqueduct of vestibule. 


nc. 


Notochord. 


a.s.c. 


Anterior semicircular canal. 


ol. 


Olfactory capsule. 


an. 


Auditory capsule. 


op. 


Opercular scute. 


bh. 


Barbel 


o.s. 


Orbito-sphenoidal bony plate 


b.hr. 


Tfcisi-branchial. 


P- 


Parietal scute. 


CK 


Fore-brain. 


pa. 


Palatine bone. 


(?. 


Mid-brain. 


pa.s. 


Pai*asphenoid. 


C». 


Hind-brain. 


p.br. 


Pharyngo-branchial. 


d. 


Dentaiy. 


P'f 


Pectoral fin. 


e. 


Eye-ball. 


P9' 


Pterygoid bone. 


e.hr. 


Epi-branchiaL 


P9'9' 


Pterygo-quadrate. 


e.eth\ 


Ethmoidal bony plate. 


px. 


Pharynx. 


e,o. 


Ex-occipital region. 


p. op. 


Pre-opercular bone. 


e.pa. 


Ethmo-palatine. 


pr.d. 


Prootic bony plate. 


e.pa'. 


Extra ethmo-palatine. 


p.s.c. 


Posterior semicircular canal 


r 


Frontal bony scute. 


pt.h/iii. 


Protractor hyomandibularis. 


fo. 


Fontanelle. 


j)t.ob. 


Postorbit^l scute. 


9- 


Gills. 


q.c. 


Quadrate condyle. 


h. 


Heart. 


s.ob. 


Superorbital scute. 


h.br. 


Hypo-branchial. 


sp. 


Spiracle. 


h.hy. 


Hypo-hyal. 


sp.r. 


Spiracular ray. 


hm. 


Hyomandibular. 


sq\ 


Squamosal scute. 


hfn.r. 


Hyomandibular ray. 


su.ob. 


Suborbital scute. 

• 


h.s.c. 


Horizontal semicircular canal. 


6-y. 


Symplectic. 


hy. 


Hyoid fold. 


t 


Teeth. 


i.hy. 


Inter-hyal. 


t.cr. 


Tegmen cranii. 


%.tr. 


Intertrabecula. 


tr. 


Trabeculae. 


iv. 


Investing mass. 


u.l. 


Upper lip. 


I 


Liver. 


V. 


Vomerine bone. 


U. 


Lower lip. 


vb. 


Vestibule. 


m. 


Mouth. 


vf. 


Ventral fin. 


mk. 


MiiCKEL's cartilage. 


y.sL 


Yolk-mass and stomach. 


mn. 


Mandibular fold or bar. 
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PHILOSOPHICAL TRANSACTIONS OF THE ROYAL SOCIETY. 

Note to be inserted at p. 187, Part L 1882. 



CORRECTION TO A PAPER ENTITLED 

" On the Sb-esses caused in the Interior of the Earth hy the Weight of Continents and Mountains^ 

Since this paper has left ray hands I have discovered an error in the work. The 
error does not affect the physical conclusions, except in one unimportant respect ; had it 
done so I should probably have found it out long ago. 

Throughout the paper the normal stresses P, Q, R require an additional term W^. The 
only function of these stresses used for obtaining physical results is P — R, and it remains 
unchanged when the correction is made, § 10 must however be erased. 

The error takes its origin in § (1). Thomson's solution (1), when r.educed to the form 

applicable to the incompressible solid, is the solution of the equations — -~- + i;va' = -y-, and 

two others. The solution required is that of • — f--\- i/yr = 0, and two others. The W 

involved in my solution is not the potential of a true bodily force, but only an "effective 
potential " producing the same strains as those due to the weight of the continents and 
mountains, but causing a different hydrostatic pressure. When therefore p is determined 
from Thomson's solution, that p is really equal to p + Wi of the problem of the continents. 

Hence equation (3) should be ^ = —(1+^)11"^, instead of j[) = — yTT^. The correction to 

(3) must be carried on through the rest of the paper, and obviously it merely adds Wi to 
the stresses P,Q, R, leaving P — R unchanged. 

The error would have been avoided had I, as suggested oh p. 190, worked directly from 
the equations of equilibrium of the elastic incompressible solid, instead of from Thomson's 
solution. 

When the solid is compressible, this method of ** effective potential" [see "The Tides 
of a Viscous Spheroid," Phil, Trans. Part I. 1879, pp. 7 — 9] for including all the effects 
of gravitation, is not applicable without certain additional terms in a, /9, 7. Hence § 10 is 
erroneous, inasmuch as the expressions for the strains and stresses are incomplete. The 
correction of § 10 (which is not difficult) would require too much space to be carried out 
in this note. 

(}. H. DARWIN. 

Aug, 1, 1882. 
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In this paper I have considered the subject of the solidity and strength of the 
materials of which the earth is formed, from a point of view from which it does not 
seem to have been hitherto discussed. 

The first part of the paper is entirely devoted to a mathematical investigation, based 
upon a well-known paper of Sir Wiluam Thomson's. The second part consists of a 
summary and -discussion of the preceding work. In this I have tried, as far as possible, 
to avoid mathematics, and I hope that a considerable part of it may prove intelligible 
to the non-mathematical reader. 
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I. 

THE ^lATHEMATICAL INVESTIGATION. 
§ 1. 0/i the state of internal stress of a strained elastic sphere. 

Let there be a homogeneous elastic sphere, for which oi — ^v is the modulus of com- 
pressibility (or incompressibility, as I shall call it) and v the rigidity.* Take the 
centre of the sphere as the origin for a set of rectangular axes x, y, 2. Let the sphere 
be subjected to no surface stresses, let it be devoid of gravitation, but subject to 
internal force such that the force acting on a unit volume of the elastic solid is expres- 
sible by a gravitation potential TF„ a solid spherical harmonic of the i*^ degree of the 
coordinates x, y, 2. 

Let w be the density of the elastic sohd, a the radius of the sphere, and r the radius 
vector of any point measured from the centre of the sphere. 

Sir Wn-LiAM Thomson has investigated the state of internal strain produced \mder 
the conditions above described. If a, ^, y be the displacements his solution is as 
follows : — 



a= (^.<e2-i^^-2)^_gr^^+s| ( i|r^-2.-i) 



where 



j?.= 



dx dx 

t[(i+2)«-w] 



2(i-l)w{[2(i+l)»+l]»-(2t+l)w} 



r._ (i+l)(2t-|-3)a >-(2i-H> 



Gi= 



2(2i + l)i;{[2(t+l)»+l>-(2t+l)w} 
(2t+lH[2(t + l)«+l]»-(2i+l>} 



(1) 



and similar expressions for jS and y. t 

Now let P, Q, R, S, T, U be the six stresses, across three planes mutually at right 
angles at the point x, y, 2, estimated as is usual in works on the theory of elasticity. 

Let P, Q, R be tractions and not pressures, and let p be the hydrostatic pressure at 
the point x, y, 2. 

Then P+Q+R being an invariant of the stress quadric, we have, 

i>=-i(P+Q+R) 

if ^=3"+3"+X» so that 8 is the dilatation, then according to the usual formulas,^ 

* The phraseology adopted by Thomson and TArr (first edition) and others seems a little unfortunate. 
One might be inclined to suppose that compressibility and rigidity were things of the same nature ; but 
rigidity and the reciprocal of compressibility are of the same kind. If one may give exact meanings to old 
words of somewhat general meanings, then one may pair together compressibility and *' pliancy," and call 
the moduli for the two sorts of elasticitj the " incompressibility " and rigidity. 

t Thomson and Tait's * Nat. Phil.,' § 834, (8) and (9) ; or Phil. Trans., 1863, p. 573. 

X Thomson and Tait's * Nat. Phil.,* § 693. 
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P=(— v)8+2v| 



\dz dx) 



and the other four stresses are expressed from thase by cyclic changes of P, Q, R ; 

S, T, U ; a, A y ; ^. y^ 2- 

The first task is to find p. 

Now by adding P, Q, R together we have, 

We must now find S from (1). 
By differentiation 

and similar expressions for dfi/dy, dy/dz. 

Now Wi, WV"^"^ ar© spherical harmonics of degrees i, — i— 1, and are also homo- 
geneous functions of the same degrees. If therefore we add the three expressions 
together, and note the properties of harmonics and of homogeneous functions, we have 

h=-2iFiWi+{2i+3){i+l)GiWi 

Omitting for brevity that part of the divisors in the expressions for F and G which 
is common to both, 

-2iFi+{2i+3){i+l)Gi='^i{i + l){2i+S)(^+i{2i 

= i{2i+l)v 

and we have, on introducing the omitted denominator, 

8= W 

[2(i + l)''+l>-(2i+l)v • 

And 

^ Z2(^l±^ xir. 

^ [2(i+l)«+l]o)-(2z + l)w • 

Throughout the rest of this paper (excepting in § 10) the elastic sphere will be 
treated as incompressible, so that a> is to be considered as infinitely large compared 
with V. 

Henceforth I write 

i=2{t+iy+i (2) 

and when a> is infinite compared with v, we have, 

P=-JW, (3) 

Also we may put 
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'=<S+g) J 



(4) 



And on putting w infinite in (I) we have 



'^~/uLl2(t-ir 2(2t + l) ^J tte 2i + r ^.T^ ' Jj^ • • (5) 

and symmetrical expressions for fi and y. 

The hydixystatic pressure might have been found from this general solution for the 
case of incompressibility, but in order to do so it would have been necessary to go back 
to the equations of equilibrium of the solid, and I prefer to deduce it from Sir William 
Thomson's solution in the more general case. 

Since 

and since 

(i+ l)(2i+3)+2i=(2i+lXi+3) 

we may write a as follows : — 

In order to find the stresses P, Q, Ac, we must now evaluate -r> ; > -7^» &c. 

ax dz ax 

Differentiating (6) with regard to x, — 

2^"^=iW'^'-(^+3ni^-«^^+2tW^. (7) 

Difierentiating with regard to 2, — 

and by symmetry 

Adding (8) and (9) together and dividing by 2, we have 
Hence from (3) (4) (7) and (10) we have, 
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. . . . (14) 



where /=2(i+l)-+l. 

The expressions for Q, R, S, U may be written down from these by means of cyclic 

changes of the symbols. 

These are the required expressions for the stresses at any point in the interior of 
the sphere. 

In order to find the magnitude and direction of the principal stress-axes at any 
point it would be necessary to solve a cubic equation. The solution of this equation 
appears to be difficult, but the special case in which it reduces to a quadratic equation 
will fortunately give adequate results. It may be seen from considerations of symmetry 
that if Wj be a zonal harmonic, two of the principal stress-axes lie in a meridional 
plane and the third is perpendicular thereto. Moreover the greatest and least stress- 
axes are those which lie in that plane, and the mean stress-axis is that which is 
perpendicular thereto. If this is not obvious to the reader at present, it will become 
so later. 

1 shall therefore take Wi to be a zonal harmonic, and as the future developments 
will be by means of series (which though finite will be long for the higher orders of 
harmonics) I shall attend more especially to the equatorial regions of the sphere. 



§ 2. The determination of the stresses when the disturbing potential is an 

even zonal harmonic. 

If be colatitude the expression for a zonal surfiice harmonic or Legendbk's 
function of order i is 

cos <^— TTT^ cos'"- sm^ 0+-^ -TUKld^ " cos'"^ ^ sm* ^— . . • 

4.(1 !)* 4*(2 !)* 

or if we begin by the other end of the series, and take i as an even number, the 
expression is 

(-)*'2j7^ ^-^ sin-2 cos^- 0+-^^^ sin'-* ^ cos* ^- ... 1 

This latter is the appropriate form when we wish to consider especially the equatorial 
r^ons, because cos is small for that part of the sphere. 

There is of course a similai- formula when i is odd, but of this I shall make no use. 
Now let p^^^y^-^zr, so that sin 0=p/r, cos 0=z/)\ 
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Then we may put 

W,=^-|,;^V+'^*^-Sfcfi=ffi^-^+ (12) 

Wi ia ^ solid zonal harmonic of degree i ; but ?*"* Wi requires multiplication by a 
factor (— )**i!/2*{^i!}^ in order to make it a Legendre's function. 

The factors by which TT, must be deemed to be multiplied in order that it may be 
a potential, will be dropped for the present, to be inserted later. Or we may, if we 
like, suppose that the units of length or of time are so chosen as to make the factor 
equal to unity. 

Now let 

Then, dropping the suflix to W for brevity, we may write 

Tr=i8c^'-/3ap-V+)8^'-*2*-i86p-«z<'+ (14) 

I shaU now find P, Q, R, T at any point in the meridional plane which is determined 
by y=0. 

In evaluating the first differential coefficients of W we must not put y=0, in as far 
as these coefficients are a first step towards the determination of the second differential 
coefficients. But in as far as these first coefficients are directly involved in the 
expressions for P, Q, R, and T, and in the second coefficients in the same expressions, 
we may put y=:0, and thus write x in place of p. 



Then 



'^S^^^ pt=y> fz=^' "'^^^ />^=x^+y^. 
-T~=yLsame senes J 

In differentiating a second time we may treat p as identical with x, because y is to 
be put equal to zero. Thus 

7^=»/8oX'"*-(i-2)/8sa:'-V+(t-4))8^-V- ... }. . (15) 
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<PW 



dxdz 
d*W 



=a!s[-2(;-2)j83X'-*+4(t-4)i8,x'-«z*-6(i-6)/3oa!'-V+ . . .] 



dxdy 



:=0, 



<pir 



dyih 



= 



Also treating p as identical with x, and putting y—0, 



. (16) 



dW 
dW ^ 
dW 

2— =-2i82a?-V+4i8^a?-*z*-6/88a?-«z«+ . . . 



V 



f ff • • 



(17) 



/ dW , dW\ 



( 



dW , dW\ 

y~d^-^'^i7j} 



■.XI {(ii8o-2/8,y-2-[(t-2)i82-4i8Ja?-*22 

+[(t-4)i8,-6)8o>'-«2* 
/ dW , dIF\ „ 



-...} 



. (18) 



These various results have now to be introduced into the expressions (11) for 
P.Q.B,S,T,U. 

In performing these operations it will be convenient to write J for i(i+2)/(i— 1). 
Also r*=p*+2;^=a?+«^ when ?/=0. 

From these formulas we see that 8=0, U=0; which shows that a meridional 
plane is one of the three principal planes, a result already observed from principles of 
symmetry. 

Now 






t(i-l))8(^+[t(t-l)i8o-(t-2)(i-3)i8,>'-V 

«[(;_2)(i-3)^,-(t-4)(i-5)i8,>'-*^+ . . . 



.rf«JF 



r^'-^==t/8oX'+[i-)8o-(i-2)A]x'-^-*-[(t-2)/8,-(i-4)^,>'-*z*+ . . . 
r2^=-l.2/8eX'-[l.2)8o-3.4i8Ja?-V+[3.4/34-5.Gi8„].T:'-*z*- . . . 

a.* 



j 



(19) 



-2a;'^j^+tTr=-ii8oX'+(i-4)/82a--V-(i^8)/84a?-*2*+ . . . 
-2z^+tT7==i)8oX'-(i-4)/8j.r'--£-+(i-8))84a;'-V- . . . 



> . 



rf 
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• (20) 
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+[4(i-4)/8,-6(i-6)i8,]a^-V- . . .} . . (21) 

Then multiplying (19) by — (t+3), (20) by 3, and (15) by Ja*, and adding them 
each to each, we get the expressions for P. Q, R. 

Also multiplying (21) by —(t+3), (18) 1^—3, and (16) by Ja* and adding, we get 
the expression for T. The results are 

/P= -[(t+3)e(t-l)+3t]|8o«' 

+[((»+3)(i-2)(t-3)+3(t-4)}/8,-(t+3)tXi-l)A>]ar'-:« 

-[((t+3)(i-4)(t-5)+3(t-8)}i8,-(t+3)(»-2)(i--3);8J;«f-V 

+[{i+3)(t-6)(i-7)+3(t--12)};8.-(i-+3)(t--4)(t-5)i8,]x^2«- . . . 

+Jb«[t(»-l)A^-^-(i-2)(t-3)/8jaf-V+(t-4)(i-5)i8^jr-«2*- . . .] 

/R=[(t+3).1.2)8j+3ii8oy-[(t-|-3).3.4/84-{(i+3).1.2-3(t-4)]i8.>^s' 
+[(t-|-3).5.6i8,-{(i+3).3.4-3(i-8)}/8Jaf-%* 
-[(i+3).7.8/88-{(t+3).5.6-3(t-12)i8,]ar^+ . . . 

7Q=_[(t+3)t-3t]/8^+[{(t+3)(t-2)-3t}i8j-(t+8)t/9i,]arV 
-[{(t+3)(t-4)-3t'}^,-(t+3)(t-2)i^]arV 
+[{(*+3)(t-6)-3t}i8,-(»+3)(t-4)i8Jar««»- . . . 
+Jb«[ur2-(i-2)i8jar*2*+(t-4)^,;irV- . . .] 

f=[{(»+3)2(»-2)+3.2}/8,-3ti8o>r« 

-[{(»+3)4(t-4)+3.4}/8,-{(t+3)2(t-2)+3(t-2)}A>-*2* 
+[{(t-|-3)6(t-6)+3.6}i8,-{(»+3)4(»-4)+3(i-4)}/8Ja^-V 

-[{(t+3)8(»-8)+3.8}^8-{(»+3)6(t-6)+3(t-6)}i8,]x'-V+ . . . 

-J'a«[2(t-2)j88ar*-4(t-4)i8^-«2«+6(t-6)i8,arV- . . .] 

The general law of formation of the successive coefficients is obvious, and it is easy 
to write down the general term in each of the eight series involved in these four 
expressions ; the best way indeed of obtaining the formulas given below is to write 
down and transform the general term. 

The semi-polar coordinates used hitherto are not so convenient as true polar 
coordinates; I therefore substitute r, radios vector, and l, latitude, for the x, z 
system, and putting x=r cos I, z^r son I write 



(22) 






(23) 
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+aV-*co8'-*;(5o+5atan«;+54tan*Z+ . . .) 
R=r' 008 %Co+ Ci tan H+ (T* tan */+ . . .) 

+aV-2cos'-«;(Do+Djtan«;+Z>4taii*Z+ . . .) 
T=r''8inicos'-i;(^o+^jtan«/+^4tan*Z+ . . .) 

+aV-« sin I oos '-"/(^o+i^j tan H+F^, tan *Z+ . . .) 
Q=r^ooa%Qo+GiiaiiH+GtiaxiH+ . . .) 

+aV-« cos *-^l{HQ+Hi tan H+H^, tan *Z+ . . .) 

Then introducing for J and for the ^s their values in terms of i, I find that the 
coefficients A, B, kc., are reducible to the forms given in the following equations : — 

/A=-^{t(i+2)(t-0)-3.0.(t+l)}+0.(i+3)(t+2)(i+l)=-t2({+2) 

/^,=|{t(»-0)(t-2)-3.2(t-l)}-^(t+3)(H0)(i-l) 

/^,= -*^^V'(»-2)(t-4)-3.4(t-3)} + ^j(t+3)(t-2)(t-3) 

/^e= *'^''"^^f"^^V (^--4)(t-6)-3.6(t-5)}-^^^'(i+3)(t-4)(t-5) 

&C.:=&C. 

XT? _ *(*'+ 2) 1 .,. , 

J5__!^)|(,-_2)(i_3) 

^„ _t(i+2) t«(t-2)« . 

IB^=-j-^ 4," (»—*)(*— 5) 

&c.^&a 

^Co=^{(i+3)i*-[i(l(-2)-l)+3.0.l]}=t[(i+l)(t+2)+l] 

/C72 = -|,{(i+3)(t-2)*-[t(3.0-l)+3.2.3]} 

^C',=^^'{(t+3)(i-4)«-[i(5.2-l)+3.4.5]} 

/Ce = ~*^^P^^'{(t+3)(i-6)^-[i(7.4-l)+3.6.7]} 
&c.=&c. 

- t-(t+2) t« 

'''^»-~ t-l 0! 

rn _»ii±2) *^(*-2)' 
■'^>- i-I 21 

rn- *(*+2) »''(*-2)'(t-4) » 

■'-^*— t_i 4! 

&c.^&c. 

2 c 2 



(24) 
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IEo==-lfi{3i+'6)-t{i-0){i-^l)-]=i{t+l){i^ 3) ^ 



«•« 



/^3=^,(t-2)[3(5i+3)-t(i-2)(i-l)] 

_f(il^'(;_4)[5(7i+3)_i(i_4)(i_3)] 



IE^= 



5! 



j^_*^(t:mt^^-_ 6)^7(9;^ 3) _,.(,._ 6)(,._ 5);, 



&c.=&c. 



/F„= 



i»(t»-4) 



/^a= 



i-1 
i'S(iS_4) (i_2)(i-4) 



IF.= - 



i-1 3! 

tS(t-»_4) (t-2)(t-4)«(t-6) 

t-1 5! 



IF.= 



6' 



i-1 

&C.:=&C. 



t»(t--4) (t-2)(t-4)'(t-6)«(i-8) 

7! 



• (25) 



/(?„ = -i{i(i-0)-3.0}+0.{t-+3)(i+2)=-t2 
/6'2=|,{t(»-2)-3.2}-i(i+3)t 



/G'. = - 



2IC-V- -/ ' 0! 

*^^{*(»-4)-3.4}+^,(t-+3)(» 



t« 



-2) 



&c. 



=&C. 



t(t+2) 1 . 
t-1 0! 
t(t+2)^ 
• t-1 2^* ^f 
.tXt+2) t»(t-2)» > 

■ t-1 4! ^ ' 



. (26) 



These sets of coefficients are all written down in such a fonn that the laws of their 
formation are obvious^ and the general terms may easily be found. I have computed 
their values from these formulas for the even zonal harmonics of orders 2, 4^ 6, 8, 10^ 
1 2 ; the results are given in the following tables both in the form of fractions and of 
decimals approximately equal to those fractions. 

The (t s and jET 's were not computed because their values were not required for 
subsequent operations. 



jiUAj!^-A 
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Table I. — The coefficients for expressing the stress P. 



• 

t 
2 

4 

6 

8 

10 

12 


A. 


A, 


^4 


A 


^0 


B, 


^4 


B, 


-•8421 


-H 

-1-1579 






+ •8421 








-1-8824 


+•5490 


+2-8236 




+ 1-8824 


-2-5098 






-2-9091 


+18 
+ 18-0000 


+ 16-7273 


-4-9456 


+2-9091 

+m 

+3-9264 


-■ 4F 
-20-9455 


+4-6545 




-3-9264 


+63-3620 


-12-9571 


-74-6012 


7««00 

11*1 

-67-3094 


• ll4l 

+80-7713 


-mi 

-7-1797 


-4-9383 


+J4iF 
+ 148-6831 

+285-9823 


-284-7737 


-230-4627 


+4-9383 
+5-9469 


-153-6352 


+438-9561 


-210-6996 


-5-9469 


-12212389 


+212-3894 


-291-9389 


+1513-7570 


-17300080 



Table II. — Tlie coefficients for expressing the stress R. 



. 

t 

2 

4 

6 

8 

10 

12 


Co 


Ps 


^4 


G, 


■Do 


A ■»4 

1 


». 


+1-3684 


+12- 
+1-6842 






-1-6842 

-w 

-2-5098 








+2-4314 


-2-1961 


-6-0196 




+ 5-0196 






+3-4645 


-24 
-24-0000 


-18-9091 


+W 
+9-3091 


-3-4909 


+-4F 

+27-9278 


-9-3091 




+4-4663 


-75-7791 


+-*iW- 

+ 25-9141 


~ Hit 

+93-6049 
+247-5720 


-4-4873 


+W*¥ 
, +80-7713 


-107-6950 


+ VrVi* 
+ 14-3593 


+ 6-4733 


-169-5473 


+348-9712 


-6-4870 


+JJ;W* 
+ 175-6830 


-526-7490 


+*^VV^ 
+280-9328 


+ 6-4779 


in 
-317-8097 


+1401-7700 


-339-8230 


-■mt 

-6-4876 


+324-3765 


-1730-0080 


+ii^yii 
+2076-0097 
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Table III. — ^The coefficients for expressing the stress T. 



• 

* 

2 

4. 

6 

8 

10 

12 


^0 


E, 


^4 


^. 


Fo 


P, 


Fi 


J^6 


+ •3158 
















+60980 


+4-7059 


• 




- 5-0196 








+14 
+140000 


-5-0909 


-18-8273 




-13-9636 


+18-6182 






+26-9448 
+43-9095 


-81-2761 


-■4*1* 

-63-6074 


+42-8088 


-2^-9238 


+-4I«^ 
+107-6950 


-43-0780 




-307-8189 


+ 72-4280 


+339-3769 


-43-8958 
-64-8753 


+*WP 

+351-1660 


-421-3992 


+80-2664 
+1186-2912 


+64-8850 


-800-7089 


+1214-8673 


+883-5398 


1 lOYIlOO 


-2076-0097 


• 1 1 4 S 

+865-0040 



If TF be a 2nd^ 4th, or 6th harmonic these tables give the complete expressions for 
P, R, and T ; if TF be an 8th harmonic the only further coefficients required are A^ 
and Cg. 

For the cases of the 10th and 12th harmonics the values in the tables are sufficient 
to give the stresses approximately over a wide equatorial belt, because the series for 
P, R, T proceed by powers of the tangent of the latitude, and the omitted terms 
involve high powers of that tangent. It would hardly be safe however to apply the 
formula — ^at least as. regards the 12th harmonic — ^for latitudes greater than 15°, 
because the coefficients are large. 



§ 3. On the direction and magnitvde of the prtncipcd stresses in a strained elastic solid. 

Let P, Q, R, S, T, XJ specify the stresses in a homogeneously stressed and strainec? 
elastic solid. Let Z, m, n be the direction cosines of a principal stress axis. 

The consideration, that at the extremity of a principal axis the normal to the stref 
quadric is coincident with the radius vector, gives the equations 

(P-X)Z+Um+Tn=0 
UZ+(Q-X)m+Sn=0 
TZ+Sm+(R-X)n=0 

These equations lead to the discriminating cubic for the determination of X, and 
solution for 2, m, n is then 



m" 



n' 



(Q-X)(R-X)-S« (P-X)(R-X)~P (P-X)(Q-X)-U- 
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In the case considered in the preceding sections S and U vanish, and the cubic 

reduces to the quadratic 

(P-X)(R-X)-T«=0 
of which the solution is 

2X=P+R±\/(P-Bf+4T« 
m is obviously zero and I, n are determinable from 

P(P-X)=n«(R-X) 
Let 

1= cos $, n= sin $ 

Then it is easily proved that 

cot2<>=~^ (27) 

This equation gives the directions of the principal stress-axes. 
The two principal stresses Ni, N3 are the two values of X, so that 



N,=i(P+R)+iv/(P-R)*+4T« 

N3=i(P+R)-iv/(P-R)H4T» 

and the third principal stress, which we suppose intermediate in value between N^ 
and N3» is of course Q. 

When an elastic solid is in a state of stress it is supposed, in all probability with 
justice, that the tendency of the solid to rupture at any point is to be estimated by 
the form of the stress quadric. At any rate the hypothesis is here adopted that the 
tendency to break is to be estimated by the difference between the greatest and least 
principal stresses. For the sake of brevity I shall refer to the difference between the 
greatest and least principal stresses as " the stress-difference," This quantity I shall 
find it convenient to indicate by A . 

We may also look at the subject from another point of view : — It is a well-known 

theorem in the theory of elastic solids that the greatest shearing stress at any point is 

equal to a half of the stress-difference. It is difficult to conceive any mode in which 

an elastic solid can rupture except by shearing, and hence it appears that the greatest 

Bhearing stress is a pro^r measure of the tendency to break. This measure of ten- 

dency" to break is exactly one-half of the stress-difference, and it is therefore a matter 

of indifference whether we take greatest shearing stress or stress-difference. For the 

sake of comparison with experimStal results as to the stresses under which wires and 

rods of various materials will break and crush, I have found it more convenient to use 

stress-difference throughout; but the results may all be reduced to shearing stresses 

by merely halving the numbers given. 

From (28) we have then 

A = v^(P-R)«-|-4T« (29) 

and the greatest shearing stress at the same point is i a . 
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§ 4. The application of previous analysis to the determination of the strejstes 

produced by the weight ^superficial inequalities. 

I have in a previous paper shown how Sir William Thomsox's solution for the 
state of internal strain of an elastic sphere subject to bodily forces, but not acted on 
by any surface forces, is to be adapted to the case of a spheroid (whose small 
inequalities are expressed as surface harmonics) of homogeneous elastic matter, endued 
with the power of mutual gravitation.* TnoMSoy's solution is of course directly 
applicable for finding the state of strain due to a true external force, such as the tide- 
generating influence of the moon, but this forms only a part of the complete solution 
when the sphere has the power of gravitation. He introduced the effects of gravita- 
tion synthetically, but for my own purposes I prefer the analytical method pursued in 
my paper above referred to. 

Suppose that r:=^a'\'a'i be the equation to an harmonic spheroid of the i* order, 
forming inequalities on the surface of the sphere, whose den^ty is tr. 

Then the causes producing a state of stress and strain in the mean sphere of radius 
a are, first a normal traction per unit area of the surface of the sphere equal to —gwai, 
when g is the value of gravity, and secondly the attraction of the inequalities <r„ acting 
throughout the whole sphere. 

The first of these causes (viz. : the weight of the mountains or continents) is shown 
in my paper to produce the same state of strain as would be produced in the sphere, 
now firee firom surfece action, by bodUy forces corresponding with a potential 
—gu^r/ayai. 

As regards the second of these causes (viz. : the attraction of the mountains or 
continents), the potential of the layer of matter a on any internal point, estimated per 
unit volume, is 3grrr(r/a)'cry(2i+l).t 

Then adding these two potentials together, we see that the surface inequalities a 
produce the same state of strain as would be caused by the bodily forces due to a 
potential — 2(t— l)grif(r/a)'cry(2i+l), and the sur&ce of the sphere is now subjected to 
no forces. 

This expression is a solid harmonic of the t^ degree, and therefore the analytical 

* '' On the Bodily Tides of Yisooiui and Semi-elastic Spheroids, Ac./' PhiL Trans., Part I^ 1879, p. 1 
(see § 2). This paper treats of the state of flow of a Tiscons sphere, bat the problem is exactlj the same 
as that ooneeming elastidiy here considered. It is easy to see that if a Tisoons sphere be deformed into 
the shape of a zonal harmonic, the flow of the fluid must be meridional, and finom this we may oondnde 
that in the ehistic sphere the plane of g^reatest and least principal stresses is also meridional. This has 
been already assnmed to be the case in the present paper. 

t If we conld suppose a sphere to have homogeneons elasticity bat heterogeneons densitj, this manner 
of building up the eSecHye disturbing potential would have to be somewhat modified. Such an hypo- 
thesis is somewhat abeurdi and I shall r^^ard the sphere as homogeneous. In api^cation to the case of 
the earth I shall however pay attention to the smaller density of the superficial hiyers by halTing the 
height of the actual continents and the depth of the actual seas. 
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results of the preceding sections are directly available for finding the state of stress 

due to continents and mountain chains. 

We must in fact put 

^ 2(t-l) /rV 

Now in the previous developments the factors involving (/, Wy &c., have been 
omitted and Wi has been put equal to a zonal harmonic which had the value unity at 
the equator. 

Kwe write 



i^ 



$,=sin'^— -sin»"2^cos^^+&c (30) 



where 6 is iJie colatitude, and put h as the height above the mean sphere of the 
elevation at the equator, then A$,=o", and 

Wi was in (12) put equal to r*?,. 

Thus in order to apply the preceding results to finding the stresses caused in a 
sphere^ possessing the power of gravitation, by the weight and attraction of surface 
inequalities expressed by 

r=a'\'h^i (32) 



we must multiply the preceding results for P, R, T, Q by 

2i + l a* ' ' • 



(33) 



§ 5. The state of stress due to ellipticity of figure or to tide-generating forces. 



When the effective disturbing potential W) is a solid harmonic of the second degree 
the solution foimd above will give the stresses caused by oblateness or prolateness of 
the spheroid. It will of course also serve for the case of a rotating spheroid with 
more or less oblateness than is appropriate for the equiUbrium figure. 

When an elastic sphere is under the action of tide-generating forces the disturbing 
potential is a solid harmonic of the second degree, and therefore the present solution 
will apply to this case also. 

The formula for the stress-difference admits of reduction to a simple form when 
i=2. 

On substituting colatitude 6 for latitude Z, (22) gives 

P-R=r2 sin 2^(^,-Co)+(^2-Q) cot '^e]+a\B^^D^) 
T=r^Qm0coBd{EQ) 

MDCOCLXXXII. 2 D 
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Then substituting for A^ B^ C, D, E their values firom Tables I., II., III., and 

making some simple reductions, we find 

P-R=^8(a2-^'«)-r2cos 2^' 

2T=A/'2 8in2^ ^ ^^^^ 

Therefore by (29) in the present case, the stress-difference 

A =^9 v/64(a«-r«)«+r^-16r»(a»-r«) cos 20 (35) 

In order to find the actual value of A in any special case we shall have to multiply 
(35) by appropriate factors ; the fiictors will be determined below. For the present it 
\vill be more convenient to omit the factor ^, and to reintroduce it along with these 
other factors. 

The formula (35) enables us to determine the distribution of stress-difference 
throughout the sphere in the cases to which this section applies. 

The curves of equal stress-difference are given by the equation 

64(a^— r2)+r*— 16r2(a2— ?•») cos 2^=a constant 

The stress-difference at any point on any equatorial radius (for which ^=iir) is 
clearly given by 8a^— 7r*, and along the polar radius (for which ^=0) by 8a^— 9r*. 
From this result it is clear that the stress-difference vanishes at that point on the 

polar radius for which r=|«v/2 = '9425a ; this is the only point within the whole 
spheroid for which it vanishes. 

When r^-a the stress-difference is equal to a^, from which we obtain the remark- 
able result that the stress-difference is constant all over the surface. When r=0, 
it is equal to 8a^, which is eight times the surface value. 

By means of arithmetical calculation and graphical interpolation I have drawn 
fig. 1 ; it shows the curves of equal stress-difference throughout a meridional section 
of the spheroid. The numbers written on the curves represent the values of stress- 
difference when the radius of the sphere is imity and when the &ctors above referred 
to are omitted (see Plate 1 9, fig. 1). 

The point marked is that in which the stress-difierence vanishes. Bound this 
point are drawn two dotted curves along which the stress-differences are ^ and f 
respectively. The remainder of the curves are drawn for equidistant values of stress- 
difference, and are marked 1, 2, 3 ... 8. The curve marked 1 is singular, for the 
whole of the surface forms one branch of it, whilst there is another branch which runs 
below the surface from the polar axis and then rises to the surface at the point where 
cos 2^=—^, that is to say, in lat. 41° 25'. Near the centre the curves are approxi- 
mately circular, and they become somewhat like ellipses as we recede fix)m the 
centre. 
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If this figure be made to rotate about the polar axis, the several cui'ves will of 
course generate the surfaces of equal stress-difference throughout the sphere. 

Writing 3 for the inclination of one of the principal axes to the equator, we have 
by means of the formula (27) 

cot 2**= -^=8 IP) — 1| cosec 20— cot 20 

It would be easy to trace out the changes of direction of the principal stress-axes 
throughout the sphere, but I will only now make the observation that all over the 
surface they are parallel to and perpendicular to the surface, and that at the centre they 
are polar and equatorial, the stress-quadric being of course an ellipsoid of revolution. 

We have next to find the actual amount of stress-difference which arises from 
given ellipticity of form of the spheroid. Putting i=2 in (30) we have 

9,= sin^ 0—2 cos^ ^=3[^— cos^ 0] 

The equation to the spheroid is 

=(\^+^l{^- cos2 0) =a[l+e(i- cos^ 0)] 

Thus Sh/a is the ellipticity of the spheroid, which we may put equal to e. 

Then it was shown in (33) §4 that the results for the stresses P, Q, R, &c., are to 
be multiplied by ^^tvh/a\ and this will of course be also the factor for the stress- 
difference A. 

Then substituting e for 3h/a, and introducing the factor ^, which has been omitted 
in considering the distribution of stress within the spheroid, we see that ellipticity e 
gives a stress-difference represented by 



A = -f^gwa^/Gi(l-(l 




If we estimate the forces in gravitation units the factor g must be omitted. 

The expression under the square-root sign is equal to unity at the surface, and to 
8 at the centre. 

Thus the stress-differences, in gravitation units of force, at the surface and at the 
centre are -g^etf^a and ^ewa respectively. 

To apply this to the case of the earth, take a=637x 10® cm., and t(?=5'66, and we 
find the surface and central stress-differences to be respectively 152e and I214e metric 
tonnes per square centimeter. 

If these numbers be multiplied by 6*34, we get the same result expressed in tons 
per square inch. Thus in British units these two stress-differences are 926e and 
7698e, 

2 D 2 
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If then the ellipticity e be xxfeot^* *^® surface and central stress-differences will be 
nearly 1 ton and nearly 8 tons to the square inch respectively. 

From the Table VII. in § 9 it will appear that cast brass ruptures with a stress - 
difference of about 8 tons to the square inch. 

Thus a spheroid, made of material as strong as brass, and of the same dimensions 
and density as the earth, would only just support an excess or deficiency of ellipticity 
equal to -nfeo^h, above or below the equilibrium ellipticity adapted for its rotation. 

The following is a second example : — If the homogeneous earth (with ellipticity g^) 
were to stop rotating, the stress-difference at the centre would be 33 tons per square 
inch. 

Now suppose the cause of internal stress to be the moon's tide-generating influence, 
and let 7/i= moon's mass, and c= moon's distance. 

Then the potential under which the earth is stressed is — t(Wc^)(i— cos^ d)w7^y or 
according to the notation of § 4 ^\{mlc^)wi^^^. 

If we took into account the elastic yielding of the earth and the weight and 
attraction of the tidal protuberance, this potential would have to be diminished. To 
estimate the diminution we must of course know the amount of elastic yielding, but 
as there is no means of approximating thereto, it will be left out of account. 

Then it is obvious that the factor by which A, as given in (35), must be multiplied 
in order to give the stress-difference is ^mw/c^. Thus the surface stress-difference is 
•^'^{m/c^)wa^ in absolute force units. 

Then putting M for the earth's mass, and dividing by gravity, we have 
-T^imd? I Mc^)wa as the surface value of A in gravitation units. The central value of 
A is of course eight times as great. 

With the numerical data used above, w;a=3605 metric tonnes per square cm., and 
m/M=-^f a/c='^Qy whence the surface stress-difference is 32 grammes, and the central 
stress-difference 257 grammes per square centimeter. 

But this conclusion is erroneous for the following reason. If we suppose the moon 
to revolve in the teiTCstrial equator, and imagine that the meridian from which longi- 
tudes are measured is the meridian in which the moon stands at the instant under 
consideration, then the tide-generating potential is — f (w/c')r^^— sin^ cos* ^] ; this 
expression may be written f (m/c^)r* (^— cos^^)+f(m/c^)r* sin* ^ cos 2^. The former 
of these terms produces a permanent increase of the earth's ellipticity, and is confused 
and lost in the ellipticity due to terrestrial rotation, and can produce no stress in the 
earth. The second term is the true tide-generating potential, but it is a sectorial 
harmonic, and I have failed to treat such cases. Now the first of these terms causes 
ellipticity in a homogeneous earth equal to (4«/fl^)(f W^^) according to the equilibrium 
tide-theory. This ellipticity is equal to •1039x10'"^ an excessively small quantity. 
If however this permanent ellipticity does not exist (and the above investigation in 
reality presumes it not to exist), then there will be a superficial stress-difference equal 
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to 152 X '1039 X 10"® metric tonnes per square centimeter, and a central stress- 
difference of eight times as much. 

Since a metric tonne is a million grammes this surface stress-difference is 1 6 grammes, 
and the central 128 grammes per square centimeter. These stress-differences are 
exactly the halves of those which have been computed above. Thus the remaining 
stress-difference which is due to the moon's tide-generating influence is 16 grammes 
at the surface and 128 grammes at the centre per square centimeter. 

A flaw in this reasoning is that stress-difference is a non-linear function of the 
stresses, and therefore the stress-difference arising from the sum of two sets of bodUy 
stresses is not the sum of their separate stress-differences. 

I conceive however that the above conclusion is not likely to be much wrong. 

These stresses are very small compared with those arising from the weights of 
mountains and continents as computed below, nevertheless they are so considerable 
that we can understand the enormous rigidity which Sir William Thomson has 
shown that the earth must possess in order to resist considerable tidal deformations 
of its mass. 

§ 6. On file stresses due to a series of parallel mountain chains. 

Having considered the case of the second harmonic, I now pass to the other extreme 
and suppose the order of harmonics i to be infinitely great, whilst the radius of the 
sphere is also infinitely great. 

The equatorial belt now becomes infinitely wide, and the surface inequalities consist 
of a number of parallel simple harmonic mountains and valleys. 

If I be infinitely large, we have from (12) 



ir,=p' 



[-^e)Vi,(f)-*c,] 



Now let ^ be the depth below the surface of the point indicated in the sphere (now 
infinitely large) by a:, y, z. 

As the formulas given above apply to the meridional plane for which y=0, we 
have p=a^^. 

Now let b=a/i, then when both i and a are infinite 

and since in the limit p/i=a/i=6. 



T7,=a..-<"(l-;;^+i|-tc.) 



= (aOc"^ * cos \ 
^ ' b 

This expression for W involves the infinite factor a\ and in order to get rid of it we 
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must now consider the factor by which it is to be multiplied, in introducing the height 
of the mountains and gravity. 

This factor is computed in § 4 ; it is there shown that if r=a+A9, be a harmonic 
spheroid, the factor is ^2{i^l)gwh/{2i+l)a\ 

Now if the harmonic i be of an infinitely high order, 9, becomes simply cos z/h, and 
the equation to the surface is 

^=— A COST 

( being measured downwards. Thus the harmonic spheroid A?,- now represents a 
series of parallel harmonic mountains and valleys of height and depth h, and wave- 
length 2vb. 

The factor becomes —gwh/a\ when i is infinite. 

Thus the effective disturbing potential W, which is competent to produce the same 
state of stress and strain as the weight of the mountains and valleys, is given by 



W=—gwh€''^^^ COB z- 

Now revert to the expressions (11) for the stresses. 

When I is infinite /=2i^, and they become, on changing x into (a— f) 



(36) 



2t 



d^ 



2i« 



T 1/ s -8\<^^ 3// ^dW dW\ 



Now as shown above a^—r*= 2a^, and a/t=6 in the limit; making these substitu- 
tions, and dropping the terms which become infinitely small when t is infinite, we 
have 



p=«^T=_f6'^'^^ 



and by a similar process 



rff» 



R=^^, Q=0 



d^ 



^••••.••. (0/ I 



d^ 



Then from (36) and (37) we have 



P= —gwhU''^^ cos - 
R= grirA^c"^'* cos - ^ 



Since the stress-difference 



we have 



T= givh^€ 



h 



sm 



h 

z 



(38) 



A = ^/(P-R)«+4r 



A=2gru7A^c"^*. 



t t t . . • \39} 
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The directions of the stress-axes are given by 



so that 



cot 2^= -"2^= cot- 



^=i'i (40) 



Equation (39) gives the stress-difference at a depth ^ below the mean surface, and 
is very remarkable as showing that the stress-difference depends on depth below the 
mean horizontal surface and not at all on the position of the point considered with 
reference to the ridges and furrows. 

Equation (40) shows that if we trq,vel along uniformly horizontally through the 
solid perpendicular to the ridges, the stress-axes revolve with a uniform angular 
velocity. 

They are vertical and horizontal when we are under a ridge, and they have turned 
through a right angle and are again vertical and horizontal by the time we have 
arrived imder a furrow. 

Since the function a:c"' is a maximum when x=l, the stress-difference A is a 
maximum when ^=6, — that is to say, at a depth equal to l/2ir of the wave-length — 
and is then equal to 2gwliC^ or in gravitation units of force to '736 wh. It is inte- 
resting to notice that the value of this maximum depends only on the height and 
density of the mountains, and does not involve the distance from crest to crest. The 
depth at which this maximum is reached depends of course on the wave-length. 

Plate 19, fig. 2, shows the distribution of stress-difference, the vertical ordinates 
represent stress-difference, and the horizontal ones depth below the surface. The 
numbers written on the horizontal axis are multiples of 6; the distance OL on this 
scale is equal to 6'28, and is therefore equal to the wave-length from crest to crest, 
and the distance OH is the semi-wave-length from crest to furrow. 

In the case of terrestrial raoimtains w is about 2 '8, and if we suppose A to be 2000 
meters, or a little over 6000 feet, we have the case of a series of lofty mountain chains 
— for it must be remembered that the valleys run down to 2000 meters below the 
mean surface, so that the mountains are some 13,000 feet above the valley-bottoms. 

Then A=2 X 10^, t(;=2*8, and the maximum stress-difference is 

•736 X 2'8 X 2 X 10^=-412 X 10® grammes per square centimeter. 

This stress-difference is, in British measure, 2*6 tons per square inch. 

If we suppose (as is not unreasonable) that it is 314 miles from crest to crest of the 
mountains, then the maximum stress will be reached at 50 miles below the surface. 

From Table VII., § 9, it will be seen that if the materials of the earth at this depth 
of 50 miles had only as much tenacity as sheet lead, the mountain chains would sink 
down, but they would just be supported if the tenacity were equal to that of cast tin. 
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§ 7. On the stresses due to the even zoned Imrmonic inequalities. 

Having considered the two extreme caaes where i is 2, and infinity, I pass now to 
the intermediate ones. As the odd zonal harmonics were not required for the investi- 
gation in the following section I have only worked out in detail the even ones. 

The surface of the sphere is now corrugated by a series of undulations parallel to 
the equator, and the altitude of the corrugations increases towards the poles. The 
form of the imdulation in the neighbourhood of the equator is exhibited in Plate 19, 
fig. 3. 

The stress-diflference is as before given by 

To form this expression the series in (22) for R must be subtracted from the series 
for P. Since the Cs and Us of Table II. have always the opposite signs from the -4's 
and jB's of Table I., this algebraic subtraction becomes a numerical addition of the 
numbers in these two tables. 

The results are given in the following table. 

Table IV. — The coeflBcients for expressing P— R. 



• 

t 


A)"~^o 


2~" ^2 


A,-C, 


■4»— 0, 


■Bo-i?o 


5,-i)g 


5,-D, 


■B.-D, 


2 


-2-2105 


-2-8421 






+ 2-5263 








4 


-4-3137 


+2-7451 


+ 7-8431 




+4-3922 


-7-6294 






6 


-6-3636 


+42 


+35-6364 


-14-2545 


+6-4 


-48-8727 


+ 13-9636 




8 


-8-3926 


+ 1391411 


-38-8712 


-168-2061 


+8-4137 


-148-0806 


+188-4663 


-21-6390 


10 


-10-4115 


+318-2304 


-633-7449 


-478-0247 


+10-4252 


-329-2182 


+966-7061 


-491-6324 


12 


-12-426 


+603-292 


-2623009 


+552-212 


+12-434 


-616-315 


+3243-766 


-3806-018 



Then we have 

P-R=r*cos'Z[(^^-Co)+(A-Qtan2«+ . . .] 

+aV-^ cos'-2 11{Bq-D^+{B^-D^ tan^ «+...] 

The materials for computing T have been already given in Table III. 

The series for P— R and for 2T should now be squared and added together, but the 
result would be so complex that it is not worth while to proceed algebraically. 

At the equator T=0, and A=P— R, and P— R reduces to only two terms, 
whatever be the order of harmonic. 

By reference to (23) and (24) we see that at the equator 



or 
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l)(2i+3)J 



• • • 



(41) 



This value for A requires of course multiplication by appropriate factors involving 
the height of the continents and gi^avity. 

Even when i is no larger than 6, (41) differs but little from iV"^(a^— ?'^), at least for 
values of r. not very nearly equal to a. 

A clearly reaches a maximum when 






For large values of i this maximum is nearly equal to 2{{{—2)/i]^~W 
From these formulas the following results are easily obtained. 





Table V. (a). 








« 


2 


4 


6 


8 


10 


12 


Maximnm value of A ... 
Yalne of rja when A is max. . 


2-5-26 



1118 
•714 


•959 
■819 


•894 
•867 


•859 
•895 


•836 
•913 



Plate 20, fig. 4, shows graphically the law of diminution of stress-difference for 
the even zonal harmonics, the vertical ordinates representing stress-difference and the 
horizontal ones the distances from the surface or from the centre of the globe. 

In order to find a numerical value of these maximum stress-differences which shall 
be intelligible according to ordinary mechanical ideas, I will suppose the height of 
each of the harmonics at the equator to be 1500 meters. On account of the small 
density of the superficial layers in the earth, this is very nearly the same as supposing 
that in the earth the maximum height of the continents above, and the maximum 
depth of the depressioDs below the mean level of the eartli are each about 3000 meters. 
In the summary at the end I shall show that there is reason to believe that this is 
about the magnitude of terrestrial inequalities. 

Then by (33) we have to multiply the maximum stress-differences in the above 
table by 2(i— l)t(;A/(2i+l), in order to obtain the stress-differences for the supposed 
continents in grammes or tonnes per square centimeter. 

Now w=5'66 and A=1'5X10^ according to the above hypothesis as to height of 
continent ; and the coefficient in i is of courae different for each harmonic. 

By performing these multiplications I find the following results. 
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Table V. {b). — Maximum stress-differences due to harmonic continents and seas. 



Order of harmonic. 


2 


4 


6 


8 


10 


12 


Max. stress-difFerence, in metric tonnes per 
sq. cm. due to continents 1500 meters high 

Ditto in British tons per sq. inch, for same 
continentflr 


•858 
5-43 


•633 

4-01 
1146 


•626 

3-97 
725 


•625 

3^96 
532 


•625 

396 
420 


•625 

3-96 
347 


Depth in British miles at which this stress is 
attained 


f Centre 1 
\ of earth / 



N,B. — Hie continents referred to are supposed to he of the earth* s mean density and are equivalent to a^ual 
continents of double the height. 

Thus far we have only considered the stress-differences at the equator immediately 
tmdemeath the centres of the continents, but we must now see how they differ as the 
latitude of the place of observation increases. In order to attain this result a good 
deal of computation was necessary. 

For this purpose I calculate P— R and 2T for a number of points and found the 
square root of the sum of these squares. As the computations were laborious, and as 
the results given in the foUowing table are amply sufficient for the purpose in hand, 
I did not think it worth while to trace the changes to a greater depth than r=*7. 
Moreover the correctness of the last significant figures given cannot be guaranteed* 
although I believe that it is correct in most case& 



Table VL — Showing the stress-difference due to the several harmonic inequalities 

at various depths and in various latitudes. 



4 






Equator. 


T/at. 6°. 


Lat. 12°. 


•316 


•316 


•316 


•736 


•732 


•721 


1112 


1108 


1^097 


1-443 


1440 


1-431 


•079 


•074 


•061 


•727 


•719 


•700 


1044 


1-038 


1-026 


1116 


1113 


1104 


•036 


•031 


•016 


•817 


•810 


•800 


-953 


•949 


•945 


-788 


•786 


•785 



8 



10 



12 






Eqnator. 


TAt. 6°. 


Lat. 12°. 


•021 


•015 


•000 


•859 


•853 


•853 


•798 


•795 


•797 


•506 


•505 


•507 


•014 


•008 


•007 


-857 


•854 


•860 


-631 


•630 


•635 


•307 


•307 


•309 


•010 


•003 


•019 


•827 


•824 


•835 


•481 


•481 


•486 


•179 


•179 


•181 



The numbers given in the column marked *' equator" might be computed from (41), 
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and are those exhibited graphically in fig. 4; they are here given as a means of 
comparison with the numbers corresponding to latitudes 6° and 12^ 

The result to be deduced from this table is that the lines of equal stress-diflTerence 
are very nearly parallel with the surface, and that it is for all practical purposes 
sufficient to know the stress-diflFerence immediately under the centre of the continents. 

We have already seen in § 6 that for harmonics of infinitely high orders the lines of 
equal stress-difference are rigorously parallel with the mean surface. 

§ 8. On the stresses due to the weight of an equatorial continent. 

The actual continents and seas on the earth's surface have not got quite the regular 
wavy character of the elevations and depressions which have been treated hitherto. 
The subject of the present section possesses therefore a peculiar interest for the 
purpose of application to the earth. Had I however foreseen, at the beginning, the 
direction which the results of this whole investigation would take, it is probable that 
I might not have carried out the long computations which were required for discussing 
the case of an isolated continent. But now that that end has been reached, it seems 
worth while to place the results on record. 

The function exp.[— cos ^0/ sin ^a] (where is colatitude) obviously represents an equa- 
torial belt of elevation, and I therefore chose it as the form of the required equatorial 
continent. This function has to be expanded in a series of zonal harmonics in order 
to apply the analytical solutions for the stresses produced by the weight of the 
continent. 

It is obvious by inspection that the odd zonal harmonics can take no part in the 
representation of the function, and it was on this account that I have above only 
worked out the cases of the even zonal harmonics. 

The multiplication of this function by the successive Legendrb's functions, and 
integration over the surface of the sphere, are operations algebraically tedious, and 
wholly uninteresting, and I therefore simply give the results. 

I find then that if a=10^ and 

9.= sin' 0-~ sin'-» cos^ + ^^(iZ^ ^[^^ cos* ^-&c. 

2! 4! 

Then 

where 

i8o=-3078, i8j=-3673, ^^='ZZZ9, /8a=-2829,i88='2252,/8io=-1688, 

A8='1193 






. (42) 



/8o is put on the left-hand side in order that the mean value of the function may be 
zero. The jffs obviously decrease very slowly, and as I stop with the 12th harmonic, 
the representation of the function is very imperfect. 

3 E 3 
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Plate 20, fig. 5, illustrates the results of the representation, the portion of a cirde 
marked ''mean level of earth'' represents a meridional section of the earth; the 
dotted curve marked " inequality to be represented " shows the true value of the function 
2exp.[ — cos- 0/ sin^ «]— iS^ ; the curve marked " representation " shows the right-hand 
side of (42) stopping with the 12th harmonic; the second curve is the same without 
the 2nd harmonic constituent fii'h* ^^^ ^^ ^ introduced for the reasons explained in the 
discussion and summary at the end« 

The equatorial value of the exponential function is 1792, that of the "representa- 
tion " is 1*497, and that of " the representation without the 2nd harmonic'* is 1'130. 

The polar value of the exponential is — '3078, that of the "representation" is 
— '0830, and that of "the representation without 2nd harmonic" is +'6516. This 
latter function thus gives us an equatorial continent and a pair of polar continents of 
less height. 

The extreme difference of height in the " representation " between the elevation at 
the equator and the depression at the pole is (l*497+*083)A or]l*58A* I do not exactly 
know the extreme difference in the case where the 2nd harmonic is omitted, because 
I have not traced the inequality throughout, but it is probably about 1*3 or Vih. 

Now let A, be the numerical value, as computed for § 7, of the stress-difference due 
to the harmonic spheroid Sh Then it has been shown above that the stress-difference 
due to the spheroid whose equation is r=a+A9,- is — 2(i — l)grt(;AAi/(2i-f 1). 

Now stress-difference is a non-linear function of the component stresses P, R, T, and 
therefore the stress-difference due to a compound harmonic spheroid is not in general 
the sum of the stress-differences due to the constituent harmonic spheroids. At any 
point, however, where the principal stress-axes are all coincident in direction and where 
all the greater stress-axes coincide, and not a greater with a less, and where T=0, the 
stress-difference is linear and is the sum of the constituent stress-differences. This is 
the case at the equator for the present equatorial continent. 

Hence, if A be the stress-difference at the equator due to the spheroid, 

r=a-|-A(^292+i8A+ • • • +A2^i2) 
We have 

A=-(7t^A[fi82A,+fi8^,-f-W6A6+W8A8+^)8ioAio+ . . . (43) 

In this formula the A/s are the numbers which were computed for drawing Plate 20, 
fig. 4, from the formula (41), namely 



_t (i>l)(2i 



^±l)/!:YTi - (tW—l—J] 

+ 1 \aj L W (*''-l)(2t>3)J 



By using these computations I have drawn Plate 20, fig. 6. The vertical ordinates 
are —^-T-gwh^ and the horizontal are the distances from surface or centre of the 
sphere. 
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The maxima in the two curves are merely found graphically, and the distances where 
the maxima are reached (viz. : 660 and 590 miles from the surface) are written down 
on the supposition that the radius of the sphere is 4000 miles. 

In the discussion in the second part of this paper, I have endeavoured to make an 
estimate of the proper elevation to attribute to these isolated continents ; so as to make 
the case, as nearly as may be, analogous to the earth. 

Although it appears impossible to make an accmttte estimate, I conclude that it will 
not be excessive if we assume that the greatest difference of height, between the 
highest point in the equatorial elevation and the approximately spherical remainder of 
the globe, is 2000 meters. 

Accordingly for the representation 1 put 1 '58^=2000, and for the second curve 
1-4^=2000 ; these give h=V27 X 10^ cm. and h=l'4 X 10* cm. respectively. 

Taking i«?=5'66, then for the representation we have ie;A=72 tonnes per square 
centimeter, and for the other curve i«?A='79 of the same units. The maximum stress- 
differences are '91wh and '76tvh respectively. 

Therefore for the equatorial table-land (called above the representation) we have a 
maximum stress-difference of '66 metric tonnes per square cm. or 4 '1 British tons per 
square inch ; and for the equatorial table-land balanced by a pair of polar continents 
(2nd harmonic omitted) we have a maximum stress -difference of '60 tonne per square 
cm. or 3 '8 tons per square inch. 

I therefore conclude that our great continental plateaus produce a stress-difference of 
about 4 tons per square inch at a depth of 600 or 700 miles from the earth's surface. 



§ 9. On tlie strength of various substances. 

In order to have a proper comprehension of the strength which the earth's mass 
must possess in order to resist the tendency to rupture, produced by the unequal 
distribution of weights on the surface, it is necessary to consider the results of 
experiments. 

Rankine* gives a large number of results obtained by various experimenters, and 
Sir William Thomson also gives similar tables in his article on ' Elasticity. 't 

Amongst other constants Sir William gives Young's modulus and the greatest 
elastic extension. If the materials of a wire remain perfectly elastic when the wire is 
just on the point of breaking under tension, then the product of Young's modulus 
into the greatest elastic extension should be equal to what is called the tenacity, 
which is defined as the breaking tension per square centimeter of the area of the wire. 

• * Useful Rules and Tables:' Grifhn, London, 1873, p. 191, et seq, 

t * Elasticity:' Black, Edinburgh, 1878. This is the article from the * Encyclopedia Britannica,* but 
it is also published as a separate work. 
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If however a permanent set begins to take place before the wire breaks, this product 
should be less than the tenacity. I do not see how it can ever be greater, unless 
there be a marked departxire from Hook's law " ut tensio sic vis;" or different seta of 
experiments with the same class of material might make it seem greater. In some of 
the results given by Sir Welliah Tbohson the product of modulus and elastic 
extension is however greater than tenacity. 

Ordinary experience would lead one to suppose that such materials as lead and 
copper would undergo a considerable stress beyond the limits of perfect elasticity, 
before breaking. It is surprising therefore to see how nearly identical this product is 
to the tenacity — indeed in the case of lead absolutely identical, as may be seen in the 
table below. 

With regard to the earth we require to know what is the limiting st^'ess^difference 
xmder which a material takes permanent set or begins to flow, rather than the stress- 
difference under which it breaks ; for if the materials of the earth were to begin to 
flow, the continents would sink down and the sea bottoms rise up. 

It will be seen from the definition of tenacity given above that it is the rupturing 
stress-difference for tensional stresses. There is no word specially applied to rupturing 
stress- difference imder pressure. 

I am inclined to think that for the purposes of this investigation these tables in 
most cases rate the strength of materials somewhat too highly; for it seems probable 
that a permanent set would be taken, if a material were subjected for a long time to a 
stress-difference, which is a considerable fraction of the limiting value. We are likely 
to know more on this point in some years time when the wires hung by Sir William 
Thomson in the tower of Glasgow University have been subjected to several years of 
tension. However this may be I give the results of some of the experiments as 
collected and quoted by Sir William Thomson and the late Professor Kankine. 
The first table of tenacity, except the results denoted by the letter R, are taken from 
Sir William Thomson. The second table of crushing stress-difference is taken 
entirely from Kankine. The multiplications and reductions to different units I have 
done myself. 
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Table VII. — Limiting stress-difference. 



PrDdDC«lbjt.Illl0D. 


Produced by erushiag. 




BraakinK 


StTa«.differonce at which 












in 




UtteriRl. 


metric lonnea 






Uaterial. 






UetrietoDoes 


British teas 


Metric losnes 


British tons 




periqaan 
caluuter. 


periqaar. 


persqosre 




pcrsqcsTc 


pcrsqaarc 








inch. 




Muilimcter. 


inch. 


Sbeedead. . . . 


■23 


■23 


146 


Striing rad brick . 


■077 


•49 


Cast tin .... 


•116 


■117 


264 


Strong sandstone . 
(F) Strong lime- 


■39 


2-45 




■325(E) 




206 (R) 






Wolii (uh) '. 


■ 1-20 


l'20 


761 


stone .... 


■60 


3-80 


Cast brass. . . . 


12f 


127 


8^05 


Marble .... 


■39 


245 


„ iron .... 


■94 to 2^(a 


114 lo IS! 


7-23 to 11^86 


Granite .... 


■39 to 77 


215 to 191 


Drawn copp«r . . 


410 


400 


2536 


(F) Granite (Mount 






English steel piano- 








Sorrel). . . . 


■905 


5^71 


forte wire . . . 


23^62 


23^56 


1496 


(F)Granwacke. . 


119 


751 


(E) Brick, cement . 


■020 lo 021 




■125 to 134 


Asb(alongtlie grain' 


■63 


102 


(eSqIiss. . . . 


■66 




420 


Cast brass . . . 


■73 


460 


(E) Slate .... 


•68 to 90 




13 to 57 


"Wronght iron . . 


252 to 284 


16 to 18 



Nora. — The aecond and third columns give the product of ToDNO'8 modnlos into greatest elastic exten- 
sion, and this shonld give the stress-diSerence when permanent set begins. Rakkihe does not give the 
data for this qnantity, bnt the breaking Btress-difEerence is given in both metric and British onite, the 
latter being in the third column. 

In the second half of the table the resnlte marked F are from Sir William Fiibbaien's experiments. 

The only cases in these two tables in which we have the opportunity of comparing 
the strength for resisting the stress-difference, when produced in the two manners, is 
for the materials cast brass and ash ; in both cases we see that the substance is 
considerably weaker for crushing than for tension. 

I should be inclined to suppose that the criishing strength is more nearly the datum 
we require for the case of the stresses in the earth. 

In the first half of the table we probably see the effect of permanent set in the 
cases of copper and pianoforte wire (compare 4'00 with 4-10, and 23'56 mth 23'63), 
but it is surprising that the contrast between the two columns is not more marked. 



§ 10. On the case when the elastic solid is c&tnpressible. 

It appears desiTable to know how &r the results of the preceding investigation may 
differ, if the elastic solid be compressible. According to the views of Dr. RiTTEEt, 
referred to in Hie summary, this must be largely tiie case. 

As I did not examine this point until after the above was completed, it seemed 
pxeftnl^ to make a &eah beginning, rather than to modify the whole investigation. 
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The procesa is however so closely analogous, that it presents no difficulty, and may be 
dismissed shortly. I shall accordingly follow closely the processes of §§ 1 and 2. 

If a solid be veiy compressible it takes a comparatively small hydrostatic pressui'e 
to produce a given amount of compression ; that is to say, although the compressibility 
is large, the modulus of compressibility is small compared with that of rigidity. The 
modulus of compressibility I shall call the incompressibiUty. In the preceding investi- 
gation the converse was the case, for the incompressibility was infinite compared with 
the rigidity. By the definitions of qj and w in § 1, the incompressibility 

It will be fomid convenient to use k and <w as the two moduli, which define the 
nature of the elastic solid. 

In the denominators in £,, Fi, Gi of (1), the expression {2(i+l)-+l)u— (2t+l)u 
occurs, this I shall call K, in analogy with /. 

Then 

ff=2i(i— l)(tf-|- 3{2i-|- l)Jt 

If we develop the last differential coefficient in the expression (l) for a, we find 

2vJir«=3t(,4ja=-,-=)!^+.-»[(a«-r»)^+2xH'] .... (44) 

Also 

ia=^iW (45) 

and 

-e^s J "•' 

Dififerentiating (44) with regard to x, and substituting in (4f)) we find 

^P=3.p,..-.)^^-2^^+>-^]+.-„(a.-^)^ . . . (4,) 

Again, differentiating (44) with regard to z, writing down dyjdx by symmetry, and 
adding the two together, we have fi^m (46) 

JirT=3iL^^^^-r'j^-z-^-!r^J+««(a»-r»)^ . . . (48) 

From (47) and (48) the other stresses may be written down by cydio ohanges of 
letters. 

Now let us suppose that the incompressibility is small compaz^ with the rigidi Uj y ; 
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Then at becomes nearly equal to ^v, and k is small compared with v and tti. Also K 
becomes nearly equal to 2i(t— !)&). Hence in this case 



T=; 



2(i-l) 
1 

2C«-1)' 



i"'-'^ 
h'"^)^ 



(49) 



Now if we suppose W to be a zonal harmonic of degree {, and only consider the 
state of stress at the equator, immediately underneath the centre of the elevation, 
then T is zero and by (15) 



P= 



,_<i-l) 



(<i'-i-»)r'-» 



And 



2(i-I) 



4=P-E=']^-i!(ci»-,-=)^-' 



-2.^ 



(50) 



If I be large ^=i{a^—t^y~K 

In § 7 we have found this identical result, under tlie like conditions, when the solid 
is incompressible. 

Now take the case of the 2nd harmonic, so that 



W=1^{1- COB^ $) = ^(2?+f~2. 



p= 


U"' 


-^) 


Q= 


«»' 


-^) 


E= 


-U"' 


-r») 


T= 








And we hare 



Thus throughout the spheroid, the principal stress-axes are parallel and perpen- 
dicular to the polar axis ; also 

Hence the central stress-difference is a^. If the solid be incompressible it was found 
to be BaK Hence infinite compressibility lai^ly relieves the stress-difference due to 
ellipticity of figure. Next take the case when the harmonic is of the 4th order. 

Then at the equator we have by (50) 

The maximum is reached, when r'sjo^ or r=-707a, and is equal to |=1*167. 
Comparing this with the Table V. (a) § 7, we see tiiat infinite compressibility makes 
very Uttle difference, for 707 diflers little from 714 and 1-167 from MIS. 

2 F 
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It will now be shown that whatever may be the compressibility of the solid, we get 
identically the same solution in the case when the harmonic is of an infinitely high 
order. This is the problem of the harmonic mountains and valleys corrugating a mean 
level surfaxje, which was considered in § 6. The same notation will be adopted here. 

Both i and a are infinite, x becomes a— |, and ia^/{i—l)^r^=^a^-'7'^=2a^. If the 
substitutions here suggested be made in (47) and (48), it will be found that the terms 
with 0) as a factor are multiplied by ai (two infinites), whilst none of the terms with k 
as a factor involve more than one infinite. Hence the latter terms are negligeable 
compared with the former. 

Again i being infinite, K=2i^a). Thus if i and a be infinite (47) and (48) reduce to 

P=2T-(**2aO'|^, B=^(i2aa'^. '^^'t^^'^^^^'^^ 



but a/i=b, therefore 



(PW cPW d^W 

^=^f-J^^ R=6^^, T=^6^J^ 



In (36) we found the effective potential, which produced the same state of stress as 
the weight of the mountains whose equation was — ^=A cos z/b ; the result was 



W= -^gwh c"^'* cos - 



Hence in the present case 



P=-.^ii;;i|€-^^*cos^, R=j^m;/i|€-^/*cos^, T=gfM;/i|€--^^sin^ 

These results are identical with equations (38), which gave the stresses when the 
elastic soUd was incompressible. 

It may be concluded from this that, except for the case of the 2nd harmonic 
inequality, compressibility makes very little difference, and for the higher harmonics it 
makes no difference at all. 

II. 
SUMMARY AND DISCUSSION. 

The existence of dry land proves that the earth's surface is not a figure of 
equilibrium appropriate for the diurnal rotation. 

Hence the interior of the earth must be in a state of stress, and as the land does 
not sink in, nor the sea-bed rise up, the materials of which the earth is made must be 
strong enough to bear this stress. 

We are thus led to inquire how the stresses are distributed in the earth's mass, and 
what are their magnitudes. These points cannot be discussed without an hypothesis 
as to the interior constitution of the earth. 
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In this paper I have solved a problem of the kind indicated for the case of a 
homogeneous incompressible elastic sphere, and have applied the results to the case 
of the earth. 

It may of course be urged that the earth is not such as this treatment postulates. 

The view which was formerly generally held was that the earth consists of a solid 
crust floating on a molten nucleus. It has also been lately maintained by Dr. August 
RiTTER in a series of interesting papers that the interior of the earth is gaseous.* 
A third opinion, contended for by Sir William Thomson, and of which I am myself 
an adherent, is that the earth is throughout a solid of great rigidity ; he explains 
the flow of lava from volcanoes either by the existence of liquid vesicles in the interior, 
or by the melting of solid matter, existing at high temperature and pressure, at points 
where diminution of pressure occurs. 

There is another consideration, which is consistent with Sir William Thomson's 
view, and which was pointed out to me by Professor Stokes. It may be that under- 
neath each continent there is a region of deficient density; then underneath this 
region there would be no excess of pressure. 

For the present investigation it is to some extent a matter of indifference as to 
which of these views is correct, for if it is only the crust of the earth which possesses 
rigidity, or if Professor Stokes's suggestion of the regions of deficient density be 
correct, then the stresses in the crust or in the parts near the surface must be greater 
than those here computed — enormously greater if the crust be thin,t or if the region 
of deficient density be of no great thickness. 

With regard to the property of incompressibility which is here attributed to the 
elastic sphere, it appears from §10 that even if we suppose the elastic solid to be veiy 
highly compressible, yet the results with regard to the internal stresses are almost the 
same as though it were incompressible. I think the hypothesis of great incompressi- 
bility is likely to be much nearer to the truth than is that of great compressibility. 
I shall therefore adhere to the supposition of infinite incompressibility, bearing in 
mind that even great compressibility would not much affect most of the results. 

I take then a homogeneous incompressible elastic sphere, and suppose it to have the 

• ' AnwenduDg der mechanischen Warmetheorie auf kosmologische Probleme.* Cabl RCmpleb, 
Hannoyer, 1879. This is a reprint gf six papers in Wiedemann's Annalen. 

Dr. BiTTBB contends that the temperature in the interior of the planet is above the critical tempera- 
ture and that of dissociation for all the constituents, so that they can only exist as gas. Data are wanting 
with regard to the mechanical properties of matter at, say 10,000® Fahr., and a pressure of many tons to 
the square inch. Is it not possible that such ** gas " may have the density of mercury and the rigidity 
and tenacity of granite ? Although such a conjectural '* gaseous " solid might possess high rigidity, it 
almost certainly would have great compressibility : but it is proved in § 10 that the compressibility will 
make exceedingly little difference in the result of the present investigation excepting in the case of the 
2nd harmonic inequality. 

t The evaluation of the stresses in a crust, with fluid beneath, would be tedious, but not more difficult 
than the present investigation. I may perhaps undertake this at some future time. 

2 F 2 
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power of gravitation and to be superficially corrugated. In consequence of mathe- 
matical difficulties the problem is here only solved for the particular class of saz&ce 
ineqiialities called zonal harmonics, the nature of which will be explained below. 

Before discussing the state of stress produced by these inequalities, it will be oc»n- 
venient to explain the proper mode of estimating the strength of an elastic solid under 
stre^. 

At any point in the interior of a stressed elastic soUd there are three lines mutually 
at right angles, which are called the principal stress-axea Inside the solid at the 
point in question imagine a small plane (say a square centimeter or inch) drawn 
perpendicular to one of the stress-axes ; such a small plane will be called an inter- 
face.* The matter on one side of the ideal inter-face might be removed without 
disturbing the equilibrium of the elastic soUd, provided some proper foroe be applied 
to the inter-face ; in other words, the matter on one side of an inter-face exerts a force 
on the matter on the other side. Now a stress-axis has the property that this force 
IB parallel to the stress-axis to which the inter-face is perpendicular. Thus along a 
stress-axifi the internal force is either purely a traction or purely a pressure. Treating 
pressures as negative tractions, we may say that at any point of a stressed elastic 
solid, there are three mutually perpendicular directions along which the stresses are 
purely tractionaL The traction which must be applied to an inter-&ce of a square 
centimeter in area, in order to maintain equihbrium when the matter on one side of 
the inter-&ce is removed, is called a principal stress, and is of course to be measured 
by grammes weight per square centimeter. 

If the three stresses be equal and negative, the matter at the point in question is 
simply squeezed by hydrostatic pressure, and it is not likely that in a homogeneous 
soUd any simple hydrostatic pressure, absolutely equal in all directions, would ever 
rupture the soUd. The effect of the equality of the three stresses when they are 
positive and tractional is obscure, but at least physicists do not in general suppose 
that this is the cause of rupture when a solid breaks. 

If the three principal stresses be unequal, one must of course be greatest and one 
least, and there is reason to suppose that tendency of the solid to rupture is to be 
measured by the difference between these principal stresses. 

In one very simple case we know that this is so, for if we imagine a square bar, of 
which the section is a square centimeter, to be submitted to simple longitudinal ten- 
sion, then two of the principal stresses are zero (namely, the stresses perpendicular to 
the faces of the rod), and the third is equal to the longitudinal traction. The traction 
under which the rod breaks is a measiu*e of its strength, and this is equal to the 
difference of principal stresses. 

If at the same time the rod were subjected to great hydrostatic pressure, the break- 
ing load would be very little, if at all affected ; now the hydrostatic pressure subtracts 

* This term u dne to Profawor James Thomsoh. 
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the same quantity from all three principal stresses, but leaves the difference between 
the greatest and least principal stresses the same as before. 

Difference of principal stresses may also be produced by crushing. 

In this paper I call the difference between the greatest and least principal stresses 
the "stress-difference," and I say that, if calculation shows that the weight of a certain 
inequahty on the siuface of the earth will produce such and such stress-difference at such 
and such a place, then the matter at that place must be at least as strong as matter 
which will break when an equal stress-difference is produced by traction or crushing. 

I shall usually estimate stress-difference by metric tonnes (a milUon grammes) per 
square centimeter, or by British tons per square inch. 

In Table VII., § 9, are given the experimentally determined values of the breaking 
stress-difference for various substances. The table is divided into two parts, in the 
former of which the stress-difference was produced by tension, and in the latter by 
crushing. It is not necessary here to advert to the difference in meaning of the 
numbers given in the first column and those given in the two latter columns in the 
first half of the tabje. 

The cases of wood and cast brass are the only ones where a comparison is possible 
between the two breaking stress-differences, as differently produced^ It will be seen 
that the material is weaker for crushing than for tension. For the reasons given in 
that section, I am inclined to think that these tables rate the strength of the materials 
somewhat too highly for the purposes of this investigation. I conceive that the 
results derived from crushing are more appropriate for the present purpose than those 
derived from tension ; and fortunately the results for various kinds of rocks seem to 
have been principally derived from crushing stresses. 

This table will serve as a means of comparison with the numerical results derived 
below, so that we shall see, for example, whether or not at 500 miles fi:om the surface 
the materials of the earth are as strong as granite. 

We may now pass to the mathematical investigation. It appears therefirom that 
the distribution of stress-difference is quite independent of the absolute heights and 
depths of the inequalities. Although the questions of distribution and magnitude of 
the stresses are thus independent, it will in general be convenient to discuss them 
more or less simultaneously. 

The problem has only been solved for the class of superficial inequalities called 
zonal harmonics, and their nature will now be explained. 

A zonal harmonic consists of a series of undulations corrugating the surface in 
parallels of latitude with reference to some equator on the globe ; the number of the 
undulations is estimated by the order of the harmonic. The harmonic of the second 
order is the most fundamental kind, and consists of a single undulation forming an 
elevation round the equator, and a pair of depressions at the poles of that equator ; it 
may also be defined as an elliptic spheroid of revolution, and the absolute magnitude 
is measured by the ellipticity of the spheroid. 
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If the order of the harmonic be high, say 30 or 40, we have a regular series of 
mountain chains and intervening valleys running round the sphere in parallels of 
latitude. 

For the sake of convenience I shall always speak as though the equator were a 
region of elevation, but the only effect of changing elevations into depressions, and 
vice versd, is to diametrically reverse the directions of all the stresses. 

The harmonics of the orders 2, 6, 10, &c., have depressions at the poles of the 
sphere ; those of orders 4, 8, 12, &c., have elevations at the pole. 

The harmonic of the fourth order consists of an equatorial continent and a pair of 
circular polar continents, with an intervening depression. That of the sixth order 
consists of an equatorial continent and a pair of annular continents in latitudes 
(about) 60° on one and the other side of the equator. The 8th harmonic brings 
down these new annular continents to about latitude 45°, and adds a pair of polar 
continents ; and so on. 

By a continuation of this process the transition to the mountain chains and valleys 
is obvious. 

In § 5 the case of the 2nd harmonic is considered. As above explauied the 
sphere is deformed into a spheroid of revolution. The investigation also applies to 
the case of a rotating spheroid, such as the earth, with either more or less oblateness 
than is appropriate for the figure of equilibrium. 

The lines throughout a meridional section of the spheroid along which the stress- 
difference is constant are shown in Plate 19, fig. 1, and the numbers written on the 
curves give the relative magnitude of the stress-difference. 

It is remarkable that the stress-difference is the same all over the surface. In the 
polar regions the stress-difference diminishes as we descend into the spheroid and then 
increases again ; in the equatorial regions it always increases as we descend. The 
maximum value is at the centre, and there the stress-difference is eight times as great 
as at the surface. 

If the elastic solid be highly compressible the stress-differences are not nearly so 
great as on the hypothesis of incompressibility. In all the other cases considered in 
this paper compressibility makes practically no difference in the results. 

On evaluating the stress-difference, on the hypothesis of incompressibility, arising 
firom given ellipticity in a spheroid of the size and density of the earth, it appears 
that if the excess or defect of ellipticity above or below the equilibrium value 
(namely ^ki ^^^ t^® homogeneous earth) were i^qq , then the stress-difference at the 
centre would be 8 tons per square inch, and accordingly, if the sphere were made of 
material as strong as brass (see Table VIL), it would be just on the point of rupture. 
Again if the homogeneous earth, with ellipticity -ayj, were to stop rotating, the 
central stress-difference would be 33 tons per square inch, and it would rupture if 
made of any material excepting the finest steel. 
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A rough calculation^ will show that if the planet Mars has ellipticity ^- (about 
twice the ellipticity on the hypothesis of homogeneity) the central stress-difference 
must be 6 tons per square inch. It was formerly supposed that the ellipticity of the 
planet was even greater than -j^, and even if the latest telescopic evidence had not 
been adverse to such a conclusion, we should feel bound to regard such supposed 
ellipticity with the greatest suspicion, in the face of the result just stated. 

The state of internal stress of an elastic sphere under tide-generating forces is 
identical with that caused by ellipticity of figure.! Hence the investigation of § 5 
gives the distribution of stress-difference caused in the earth by the moon's attraction. 
In Plate 19, fig. 1, the point called "the pole'* is the point where the moon is in the zenith. 

Computation shows that the stress-difference at the surface, due to the lunar tide- 
generating forces, is 16 grammes per square centimeter, and at the centre eight times 
as much. These stresses are considerable, although very small compared with those 
due to terrestrial inequalities, as will appear below. 

In § 6 the stresses produced by harmonic inequalities of high orders are considered. 
This is in effect the case of a series of parallel mountains and valleys, corrugating a 
mean level surface with an infinite series of parallel ridges and furrows. In this case 
compressibility makes absolutely no difference in the result, as shown in § 1 0. 

It is found that the stress-difference depends only on the depth below the mean 
surface, and is independent of the position of the point considered with regard to 
ridge and furrow ; the direction of the stresses does however depend on this latter 
consideration. 

In Plate 19, fig. 2, is shown the law by which the stress-difference increases and then 
diminishes as we go below the surface. The vertical ordinates of the curve indicate the 
relative magnitude of the stress-difference, and the horizontal ones the depth below the 
surface. The depth OL on the figure is equal to the distance between contiguous 
ridges, and the figure shows that the stress-difference is greatest at a depth equal to 
^.^g of OL. 

The greatest stress-difference depends merely on the height and density of the 
mountains, and the depth at which it is reached merely on the distance from ridge to 
ridge. 

Numerical calculation shows that if we suppose a series of mountains, whose crests 
are 4000 meters or about 13,000 feet above the intermediate valley-bottoms, formed 
of rock of specific gravity 2*8, then the maximum stress-difference is 2*6 tons per 
square inch (about the tenacity of cast tin) ; also if the mountain chains are 314 miles 
apart the maximum stress-difference is reached at 50 miles below the mean surface. 

* The data for the calculation are : Ratio of terrestrial radius to Martian radius 1*878. Ratio of 
Martian mass to terrestrial mass '1020. Whence ratio of Martian gravity to terrestrial gravity '3696, 
Central stress-difference, due to ellipticity e, 996e tons per square inch. " Homogeneous " ellipticifcy of 
Mars yIj ; and |ff equal to 6. 

t This is subject to certain qualitications noticed in § 5. 
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It may be necessary to warn the geologist that this investigation is approximate in a 
certain sense, for the results do not give the state of stress actually within the mountain 
prominences or near the surface in the valley -bottoms. The solution will however be 
very nearly accurate at some five or six miles below the valley-bottoms. The solution 
shows that the stress-difference is nil at the mean surface, but it is obvious that both 
the moinitain masses and the valley-bottoms are in some state of stress. 

The mathematician will easily see that this imperfection arises, because the problem 
really treated is that of an infinite elastic plane, subjected to simple harmonic tractions 
and pressures. 

To find the state of stress actually within the mountain masses would probably be 
diflScult. 

The maximum stress-diflTerence just found for the mountains and valleys obviously 
cannot be so great as that at the base of a vertical column of this rock, which has a 
section of a square inch and is 4000 meters high. The weight of such a column is 7'1 
tons, and therefore the stress- difference at the base would be 7*1 tons per square inch. 
The maximum stress-difference computed above is 2*6, which is about three-eighths 
of 7'1 tons per square inch. Thus the support of the contiguous masses of rock, in the 
case just considered, serves as a relief to the rock to the extent of about five-eighths 
of the greatest possible stress-difference. This computation also gives a rough estimate 
of the stress-differences which must exist if the crust of the earth be thin. It is 
shown below that there is reason to suppose that the height from the crest to the bottom 
of the depression in such large undulations as those formed by Africa and America is about 
6000 meters. The weight of a similar column 6000 meters high is nearly 11 tons. 

In § 7 I take the cases of the even zonal harmonics from the 2nd to the 12th, but 
for all except the 2nd harmonic only the equatorial region of the sphere is considered. 

Plate 19, fig. 3, shows an exaggerated outline of the equatorial portion of the inequali- 
ties ; it only extends far enough to show half of the most southerly depression, even for 
the 12th harmonic. It did not seem worth while to trace the surfaces of equal stress- 
difference throughout the spheroid, but the laborious computations are carried far 
enough to show that these surfaces must be approximately parallel to the surface of 
the mean sphere. It is accordingly sufficient to find the law for the vaiiation of stress- 
difference immediately underneath the equatorial belt of elevation. It requires com- 
paratively little computation to obtain the results numerically, and the results of the 
computation are exhibited graphically in Plate 20, fig. 4. 

Table V. (6), § 7, gives the maximum stress-differences, resulting from these several 
inequalities, computed under conditions adequately noted in the table itself. It will 
be convenient to postpone the discussion of the results. 

In § 8 I build up out of these six harmonics an isolated equatorial continent. The 
nature of the elevation is exhibited in Plate 20, fig. 5, in the curve marked " represen- 
tation;" no notice need be now taken of the dotted curve. This curve exhibits a belt 
of elevation of about 1 5° of latitude in semi-breadth, and the rest of the spheroid is 
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approximately spherical. This kind of elevation requires the 2nd as one of its harmonic 
constituents, and this harmonic means ellipticity of the whole globe. Now it may 
perhaps be fairly contended that on the earth we have no such continent as would 
require a perceptible 2nd harmonic constituent. I therefore give in Plate 20, fig. 5, a 
second curve which represents an equatorial belt of elevation counterbalanced by a pair 
of polar continents in such a manner that there is no second harmonic constituent. 

I have not attempted to trace the curves of equal stress-difierence arising from 
these two kinds of elevation, but I believe that they will consist of a series of much 
elongated ovals, whose longer sides are approximately parallel with the surface of the 
globe, drawn about the maximum point in the interior of the sphere at the equator. 
The surfaces of equal stress-difierence in the solid figure will thus be a number of 
flattened tubular surfaces one within the other. 

At the equator however the law of variation of stress-difierence is easy to evaluate, 
and Plate 20, fig. 6, shows the results graphically, the vertical ordinates representing 
stress-difference and the horizontal the depths below the surface. The upper curve in 
Plate 20, fig. 6, corresponds with the "representation curve" of Plate 20, fig. 5, and 
the lower curve with the case where there is no 2nd harmonic constituent. 

The central stress-difference, which may be observed in the upper curve, results 
entirely from the presence of the 2nd harmonic constituent in the con-esponding 
equatorial belt of elevation. 

The maximum stress-differences in these two cases occur at about 660 and 590 miles 
from the surface respectively. 

We now come to perhaps the most difficult question with regard to the whole 
subject — namely, how to apply these results most justly to the case of the earth. 

The question to a great extent turns on the magnitude and extent of the superficial 
inequalities in the earth. As the investigation deals with the larger inequalities, it 
will be proper to suppose the more accentuated features of ridges, peaks, and holes to 
be smoothed out. 

The stresses caused in the earth by deficiency of matter over the sea beds are the 
same as though the seas were replaced by a layer of rock, having everywhere a 
thickness of about |^ or nearly ^ of the actual depths of sea. 

The surface being partially smoothed and dried in this manner, we require to find 
an eUipsoid of revolution which shall intersect the corrugations in such a manner that 
the total volume above it shall be equal to the total volume below it. 

Such a spheroid may be assumed to be the figure of equilibrium appropriate to the 
earth's diurnal rotation ; if it departs from the equilibrium form by even a little, then 
we shall much underestimate the stress in the earth's interior by supposing it to be a 
form of equilibrimn. 

Professor Bruns has introduced the term " geoid " to express any one of the " level " 
surfaces in the neighbourhood of the earth's surface, and he endeavours to form an 
estimate of the departure of the continental masses and sea-bottoms from some mean 
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geoid.* From the geodesic point of view the conception is valuable, but such an 
estimate is scarcely what we require in the present case. The mean geoid itself will 
necessarily partake of the contortions of the solid earth's surface, even apart from 
disturbances caused by local inequalities of density, and thus it cannot be a figure of 
equilibrium. 

Thus, even if we were to suppose that the solid earth were everywhere coincident 
with a geoid — which is far from being the case — ^a state of stress would still be 
produced in the interior of the earth. 

An example of this sort of consideration is afforded by the geodesic results arrived 
at by Colonel Clarke, RE.,t who finds that the ellipsoid which best satisfies 
geodesic measurement, has three unequal axes, and that one equatorial semi-axis is 
1524 feet longer than the other. Now such an ellipsoid as this, although not exactly 
one of Brxjns' geoids, must be more nearly so than any spheroid of revolution ; and 
yet this inequality (if really existent, and Colonel Clarke's own words do not express 
any very great confidence) must produce stress in the earth. Colonel Clarke's 
results show an ellipticity of the equator equal to "OTST* ^^^ this in the homogeneous 
elastic earth will be about equivalent to ellipticity 37^00 I ^^^^ ellipticity would 
produce a central stress-difference of -^(ToS ^^ nearly one-third of a British ton per 
square inch. 

From this discussion it may, I think, be fairly concluded that if we assume the sea- 
level as being the figure of equilibrium and estimate the departures therefrom, we shall 
be well within the mark. 

The average height of the continents is about 350 meters (1150 feet), and the 
average depth of the great oceans is in round numbers 5000 meters (16,000 feet) ; 
but the latter datum is open to much uncertainty .J When the sea is sohdified into 
rock the 5000 meters of depth is reduced to 3200 meters below the actual sea-level. 
Thus the average effective depression of sea-bed is about nine times as great as the 
average height of the land. I shall take it as exactly mne times as great, and put the 
depth as 3150 meters; but it is of course to be admitted that perhaps eight and 
perhaps ten might be more correct factors. 

In the analytical investigation of this paper the outlines of the vertical section of the 
continents and depressions are always sweeping curves of the harmonic type, and the 
magnitude of the elevations and depressions are estimated by the greatest heights 
and depths, measured from a mean surface which equally divides the two. 

We have already supposed the outlines of continents and sea-beds to have been 
smoothed down into sweeping curves, which we may take as being, roughly speaking, 
of the harmonic type. The smoothing will have left the averages unaffected. 

* * Die Figur der Erde.' Von Dr. H, Beuns. Berlin : Stankibwicz, 1878. 
t Phil. Mag., Aug., 1878. 

J In a previous paper, " Geological Changes, Ac," Phil. Trans., Vol. 167, Part I., p. 295, I have 
endeavoured to discuss this subject, and references to a few authorities will be found there. 
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The averages are not however estimated from a mean spheroidal surface, but from 
one which is far distant from the mean. 

The questions now to be determined are as follows : — ^What is the proper greatest 
height and depression, estimated from a mean spheroid, which will bring out the above 
averages estimated from present sea-level, and what is the position of the mean 
spheroid with reference to the sea-leveL 

From the solution of the problem considered in the note below,* it appears that, if 

* Conceive a series of straight harmonic nndalations corrugating a mean horizontal surface, and 
suppose them to be flooded with water. This will represent fairly well the undulations on the dried earth, 
and the water-level will represent the seiMevel. 

Suppose that the average heights and depths of the parts above and below water are known, and 
that it is required to find the position of the mean horizontal surface with reference to the water-level, 
and the height of the undulations measured from that mean surface. 

Take an origin of coordinates in the wafcer-level, the axis of a; in the water-level and perpendicular to 
the undulations, and the axis of y measured upwards. 

Let 

y=^(cos »— cos o) 

be the equation to the undulations. 

1 f+« h 

The average height of the drj parts is clearly q-I ydx or -(sin a— a cos a). Similarly the average 

h , h 

depth below water is -^- [sin (tt—o) — (Tr—a) cos (t— a)] or —^ sin a-|- (v—a) cos a 

If the latter average be p times as great as the former 

p^cosai - tan a— 1 1=^ cos ai tan o + l) 

This is an equation for determining a. 

Now I find that 0=34** 30' gives |)=8'983, which corresponds very nearly with|)=9 of the text above. 
This value of a corresponds with an average equal to '1165A for the height above water, and 1*0469^ 
for the depth below water. Now if we put 

1-0469^=3150 meters 
which gives •1165^=350 meters very nearly, 
we have ^=3009 meters. 

The depth below water-level of the mean level is h cos 34° 30' or 2480 meters. 

The greatest height of the dry part above the water-level is 3009—2480 or 429 meters, and the 
greatest depth of the submerged part below water-level is 3009 + 2480 or 5489 meters. 

[After the proof-sheets of this paper had been corrected. Professor Stokes pointed out to me that, 
according to Bigaud (Gam. Phil. Soc, vol. 6), the area of land is about four-fifteenths of the whole area 
of the earth's surface. Now, in the ideal undulations we are here considering the area above water is 
about one-tenth of the whole area ; hence in this respect the analogy is not satisfactory between these 
undulations and the terrestrial continents. If I have not considerably over-estimated the average depth 
of the sea (and I do not think that I have done so), the discrepancy must arise from the fact that actual 
continents and sea-beds do not present in section curves which conform to the harmonic type ; there must 
also be a difference between corrugated spherical and plane surfaces. 

The geological denudation of the land must, to some extent, render our continents flat-topped. — Added 
May 4dh, 1882.] 

2 G 2 
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the continents and sea-beds have sections which are harmonic curves, then if we 
take, — 

The mean level bisecting elevations and depressions as 2480 meters (8150 feet) 
below the sea-level, and the greatest elevation and depression from that mean level as 
3009 meters (9840 feet), it results that the average height of the land above sea-level 
is 350 meters and the average depression of dried sea-bed is 3150 meters. 

It thus appears that 3000 meters would be a proper greatest elevation and de- 
pression to assume for the harmonic analysis of this paper, if the earth were 
homogeneous. But as the density of superficial rocks is only a half of the mean 
density of the earth, I shall take 1500 meters as the greatest elevation and depression 
from the mean equilibrium spheroid of revolution. 

It is proper here to note that the height of the undulations of elevation and depres- 
sion in the zonal harmonic inequalities is considerably greater towards the poles than 
it is about the equator; it might therefore be maintained that by making 1500 meters 
the equatorial height, we are taking too high an estimate. But the state of stress 
caused in the sphere at any point depends very much more on the height of the 
inequality in the neighbourhood of a superficial point immediately over the point 
considered, than it does on the inequalities in remote parts of the sphere. 

Now in all the inequalities, except the 2nd harmonic, I have considered the state of 
stress in the equatorial region, and it will therefore I think be proper to adhere to the 
1500 meters for the greatest height and depression. 

We have next to consider, what order of harmonic inequalities is most nearly 
analogous to the great terrestrial continents and oceans. The most obvious case to 
take is that of the two Americas and Africa with Europe. The average longitude of 
the Americas is between 60° and 80° W., and the average longitude of Africa is about 
25® E., hence there is a difierence of longitude of about a right-angle between the two 
masses. These two great continents would be more nearly represented by an harmonic 
of the sectorial class,* rather than by a zonal harmonic, nevertheless I think the 
solution for the zonal harmonic will be adequate for the present purpose. 

Now it has been explained above that the harmonic of the fourth order represents 
an equatorial continent and a pair of polar continents. In the case of the 4th 
harmonic therefore there is a right angle of a great circle between contiguous con- 
tinents. We may conclude from this that the large terrestrial inequalities are about 
equivalent to the harmonic of the fourth order. 

Table V. (6), § 7, gives the maximum stress- differences under the centre of the equa* 
torial elevation of the several zonal harmonics, the height of each being 1500 meters. 

* The sectorial harmonic of the fourth order sin^ cos 40 wonld well represent these two great con- 
tinents. It wonld fairly represent China and Anstralia; bnt wonld annihilate the Himalayan plateaa, 
and place another great continent in mid-Pacific. It is not at all difficult to find the stress-difference 
nnder the centre of a sectorial inequality, but to find it generally involves the solution of a cubic 
equation. 
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The point at which this maximum is reached is given in each case, and Plate 20, fig. 4, 
illustrates graphically the law of variation of stress-difierence. 

The second harmonic cannot be said to represent a continent, and the table shows 
that in each of the other cases the maximum stress-difference is very nearly 4 tons 
per square inch. The depths of the maximum point are of course very different in 
each case. 

We have concluded above that Africa and America are about equivalent to an 
harmonic of the fourth order, hence it may be concluded that the stress-difference 
under those continents is at a maximum at more than 1100 miles from the earth's 
surface, and there amounts to about 4 tons per square inch. A comparison with 
Table VII. shows that marble would break under this stress, but that strong granite 
would stand. 

The case of the isolated continent investigated in § 8 appeared likely to prove the 
most interesting one, for the purpose of application to the case of the earth. But 
unfortunately I have found it difficult to arrive at a satisfactory conclusion as to the 
proper height to attribute to the continent. 

The average height of the American continent is about 1100 feet above the sea, and 
the average depth of the Pacific Ocean about 15,000 feet. K the water of the Pacific 
be congealed into rock, it will have an effective depth of 10,000 feet. The greatest 
height of the American continent above the bed of the dried Pacific when smoothed 
down must be fully 12,000 feet or 3700 meters. The height of the great central 
Asian plateau above the average bed of the southern ocean (after drying) must be 
oo»adembly more than this. V <^ 8' 

Now in the application to the homogeneous planet the heights are to be halved to 
allow for the smaller density of surface rock. 

I therefore take 2000 meters as the height of the top of the equatorial table-land 
above the remaining approximately spherical portion of the sphere. 

The investigation of § 8 then shows that the equatorial table-land will give rise to a 
stress-difference of 4*1 tons per square inch at a depth of 660 miles ; and that the 
equatorial table-land counterbalanced by the pair of polar continents (the second 
harmonic constituent being absent) gives a stress difference of about 3*8 tons per 
square inch at a depth of 590 miles. 

This estimate of stress-difference agrees in amount, with singular exactness, with 
that just found from the case of the 4th zonal harmonic, but the maximum is reached 
400 or 500 miles nearer to the earth's surface. 

I think there can be no doubt but that there are terrestrial inequalities of much 
greater breadth than that of my isolated continent ; thus this investigation for the 
isolated continent will give a position for the maximum stress-difference too near the 
surface to correspond with the largest continents. On the other hand, I do not feel 
at all sure that I have not considerably underestimated the height of such a compara- 
tively narrow plateau. 
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In the present paper it has been impossible to take any notice of the stresses pro- 
duced by the most fundamental inequality on the earth's surface, because it depends 
essentially on heterogeneity of density. 

It is well known that the earth may be divided into two hemispheres, one of which 
consists almost entirely of land, and the other of sea. If the south of England be 
taken as the pole of a hemisphere, it will be found that almost the whole of the land, 
excepting Australia, lies in that hemisphere, whilst the antipodal hemisphere consists 
almost entirely of sea. This proves that the centre of gravity of the earth's mass is 
more remote from England, than the centre of figure of the solid globe. 

A deformation of this kind is expressed by a surface harmonic of the first order, for 
such an harmonic is equivalent to a small displacement of the sphere as a whole, with- 
out true deformation. Now if we consider the surface forces produced by such a 
deformation in a homogeneous sphere, we find of course that there is an unbalanced 
resultant force acting on the whole sphere in the direction diametrically opposed to 
that of the equivalent displacement of the whole sphere. 

The fact that in the homogeneous sphere such an unbalanced force exists shows that 
in this case the problem is meaningless ; it is in fact merely equivalent to a mischoice 
in the origin for the coordinates. But in the case of the earth such an inequality does 

* 

exist, and the force referred to must of course be counterbalanced somehow. The 
balance can only be maintained by inequalities of density, which are necessarily 
unknown. The problem therefore apparently eludes mathematical treatment. 

It is certain that so wide-spreading an inequality, even if not great in amount, must 
produce great stress within the globe. And just as the 2nd harmonic produces a 
more even distribution of stress than the 4th, so it is likely that the first would 
produce a more even distribution than the 2nd. 

It is difl&cult to avoid the conclusion that the whole of the solid portion of the earth 
is in a sensible state of stress. 

I would not however lay very much emphasis on this point, because we are in such 
complete ignorance as to the maimer in which the equilibrium of the solid part of the 
earth is maintained. 

From this discussion it appears that if the earth be solid throughout, then at a 
thousand miles from the surface the material must be as strong as granite. If it be 
fluid or gaseous inside, and the crust a thousand miles thick that crust must be 
stronger than granite, and if only two or three hundred miles in thickness much 
stronger than granite. This conclusion is obviously strongly confirmatory of Sir 
William Thomson's view that the earth is soHd throughout. 



[ 231 ] 



V. Experimental Determination of the Velocity of White and of Coloured Light. 
By Jambs Young, LL.D., F.R.S., and Professor G. Forbes. 

Received May 17,— Read May 19, 1881. 

Contents. 

Part I.— Absolute Vblocitt op White Light. Page. 

Xntrodnctory , 231 

Mathematical theory of our method 233 

DeBcription of the apparatus 240 

Establishment of the apparatus at Kelly, Wemyss Bay . . r 249 

Measurement of the distances \> ... 250 

Translation of the chronograph records • 252 

Part II. — Relative Velocity of Lights op difperbnt Colours. 

Does the velocity of light depend upon its colour ? 270 

Distinctive colours observed in the return light 272 

Explanation of these colours 274 

First measurements with red and white light 275 

Differential observations ^ • . . . . 277 

PART I. 

Absolute Velocity of White Light. 

Introductory. 

It is remarkable that, although the importance of an accurate knowledge of the 
velocity of light has been very generally appreciated, no attempt has hitherto been 
made in this country to measure that velocity by experiment. Our own experiments 
date from many years back, but we have been prevented by various interruptions to 
our work from giving a result which could lay claim to the greatest accuracy. In 
1878 we made at Pitlochry, in Perthshire, between 600 and 700 observations, but 
the toothed wheel which was made for us not having the number of teeth in it which 
we had ordered, we were not able to eliminate perfectly certain unknown quantities 
occurring in the formulas, and we felt that it would be better to wait until we could 
give a result in which we had perfect confidence. At the same time we resolved so 
to alter our apparatus that we should not have to depend upon the mean of a very 
large number of experiments to give us a good result, but that each observation should 
give us an accurate measurement, free from all doubt. This has now been accom* 
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plished by the experiments conducted in 1880-81 between Kelly House, Wemyss 
Bay, and the hills behind Innellan, across the mouth of the Biver Clyde. 

The chief importance of a determination of the velocity of light is that it gives 
us the means, considered by many to be the best means, of determining the solar 
parallax, by combining the result with the constant of aberration determined by 
astronomers. The investigation has also acquired a further interest from the specu- 
lations of the late Professor Clerk Maxwell, according to which the propagation 
of light is an electro-magnetic phenomenon, and its velocity should be the same as 
that of the propagation of an electro-magnetic displacement. 

Our researches have, however, led us to results of great importance in another 
direction. We find reasons for believing that the different colours of which white 
light is composed do not travel with the same velocity, but that the more refrangible 
rays travel more rapidly through a vacuum, and that this difference is by no means 
very small, so that we may expect its presence to be determined by independent 
tests. The influence of this conclusion upon our views about the constitution of the 
ether is considerable, and will doubtless lead to some further knowledge of its 
properties. 

The general theory of the method employed in the present research resembles that 
of M. FiZEAXJ. In his experiments, and in those of M. CoRNU, a beam of light is 
sent through between the teeth of a toothed wheel to a distance of some nules, 
whence it is reflected back again by means of certain optical arrangements, which 
bring it back to the same point. If the wheel be rotating at a suitable rate, then, 
by the time that the light has gone to the distant station and back, the position of 
the space between two teeth is now occupied by a tooth and the light cannot pass. 
But if the velocity of the toothed wheel be doubled that position will be occupied by 
the next space and the light is able to pass. If the velocity be increased threefold, 
fourfold, &c., we have alternately eclipses and full brightness. 

K m be the number of teeth in the wheel, it must, in the time that light has gone 

to the distant station and back again, have completed — of a revolution in order to 

bring a tooth into the position previously occupied by a space at the commencement 
of that time. K the wheel be found to be making N revolutions a second at the time 

of the first eclipse, then r— r= is the fraction of a second taken by light to perform the 

double journey ; and if the distance between the toothed wheel and the distant reflector 

be D then the velocity of hght is 

V=4mND. 

In the method which we devised, instead of having only one distant reflector, we 
have two, nearly in the same line, but one of them being at a greater distance than 
the other and a little to one side of it. Let us call the most distant reflector A and 



VELOCITY OP WHITE AND OF COLOURED LIGHT. 233 

• 

the other one B. The light reflected from A is eclipsed with a slower revolution of 

the toothed wheel than that from B ; because the number of revolutions required is 

N, and we have 

V 



N= 



4mD' 



But Da (the distance to A) is greater than Db (the distance to B) ; hence Na (the 
speed of revolution producing the first eclipse with A) is less than Nb (the speed of 
revolution producing the first eclipse of B). 

After the light from A has been eclipsed it begins to increase in brightness, while 
that from B is still diminishing. In the method of the present research we determine 
the speed of revolution when the two lights appear to be of equal brightness. 

When we proceed to the second, third, &c., eclipses the difference in speed required 
to produce an eclipse in A and in B increases, and it may happen that at a certain 
speed the light from A reaches a maximum at the time when that from B is at a 
minimimi, or vice versd. 

The superiority of this method over that of M. Fizeau seemed to be that instead 
of havmg to determine the instant at which a light disappears we have only to 
determine the instant at which two lights seem to be of equal brightness. Every one 
who h« been engaged in photome^ is aware that the fcnn» ie an opera&n of 
great difficulty and doubt, whereas the latter is one of very great delicacy. 

The particular way in which we deduce the velocity of light from an observation 
of the equality of these two lights will now be explained. It must be especially 
noticed that we never have occasion to use the lights when near an eclipse, at which 
time, as Cornxj has shown, iri'egularities are introduced into the formulae. 

We found that a great simphfication was introduced in the formulae by observing 
the 12th and 13th equalities (the ratio Db to Da being that of 12 to 13) ; so that 
two observations, one at each of these equalities, sufficed to give us a value of the 
velocity of light. We were also able to utilise some pairs of observations at the 1 3th 
and 14th equalities. 

This method enabled us to use the electric light, which was in many ways the most 
convenient to us ; for we are not dependent upon the absolute brightness of the Hght 
(which of course is liable to variations) but only on the proportionate brightness of 
the two reflected stars ; and to prevent any error arising from any variation in this 
proportion (owing to fog, &c.), we never used a pair of observations which were 
separated in time by more than a few minutes. 

Mathematical theory of our method. 

If k be the width of a tooth, and 1— i be the width of the space between two teeth, 
and if E be the brightness of the star of light seen by reflection from the distant colli- 
mator when the toothed wheel is not in position, then the brightness of that star 
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when the toothed wheel is in position and revolving slowly, but fast enough to cause 
the persistence of visual impressionB to prevent us from distinguishing the separate 
teeth, is E(l-i). 

When the speed is increased the intensity depends upon the time taken hy light to 
go to the distant reSector and to retam. As the speed of the toothed wheel is 
gradually increased the star of light diminishes and increases in r^^ular phases. 

If the teeth be wider than the spaces the mftxiifinm light is leas than j^E, aod the 
light is eclipsed not only at certain critical speeds, but also during a change of speed 
of rotation, which may be considerable if jt be much greater than ^. 

If the spaces be wider than the teeth the mftriiniitn light is greater than ^E, and 
the light is at no speed completely ecOpsed, the minimum light being considerable if 
k be much less than ^. 

If the teeth of the whed be not perfectly uniform, and if some teeth are wider than 
others, this will alter the law according to which the intensity varies with the speed 
of rotation. But, if the inequaUties be not very great indeed, it is only in the neigh- 
bourhood of the maxima and miTiimft that its influence is shown. The general effect is 
to increase the intenmty of light at the minimum and to diminish it at the maximum. 

If there be no very great irregulanties in the width of the tee^ then (1) the 
diminution of intennty of the light with a definite increase of speed in the odd 
phases is perfectly constant, provided that in the Interval of time taken by light to 
perform the double journey, the advancing part of each tooth of the wheel passes 
beyond the advancing part of tiie /** tooth in front of it, and does not reach the 
following part of the r+1 1* tooth nor its following part reach the advancing part of 
the r* tooth in front, where r is any whole number from zero upwards.* 

Similarly, if there be no very great irregularities in the width of the teeth, then 
(2) the increase of intensity of the light with a definite increase of speed in the even 
phases is perfectly constant, provided that in the intervsl of time taken by light to 
perform the double journey the advancing part of each tooth in the wheel passes 
beyond the following part of the r"" tooth in front of it, and does not reach the 
advuicing part of that tooth. This is in the condition where the width of a tooth is 
less than that of a space. If the width of a tooth be greater than that of a space 

* We mean, hy this notatioii, that if in the figure the snov repreaents the direction of rotation of 
the toothed wheel a ia the advancing and / the foUowing part of that tooth, z, y, and f are the third, 
fourth, and fifUi teeth in front of it. 
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the condition is that in the same interval of time the following part of each tooth 
should pass beyond the advancing part of the r^^ tooth beyond it, but should not 
reach the following part of the r+1 |*** tooth. 

It is seen then that with a wheel which is carefully cut the rate of change of 
intensity of the light with change of speed of the toothed wheel is quite constant at 
that part of a phase which is about half way between the maximum and minimum 
brightness. 

Our method of experimenting has reference to this part of a phase cJone. 

Let us call the period, — 

From original brightness to the first extinction, the first phase ; 
From first extinction to next full brightness, the second phase ; 
From second full brightness to second extinction, the third phase ; 
and so on. 

Let N be the number of revolutions per second made by the wheel when the first 
central eclipse is attained. 

Let m be the number of teeth in the wheel. 

Let D be the distance from the toothed wheel to the distant reflector. 

Let I be the intensity of the star of light when the number of revolutions a second 
made by the toothed wheel is n. 

Let V be the velocity of light. 

2D 
Let T be the time taken by light to perform the double journey, t=— . 

I. In the case of a wheel with teeth of the same width as the spaces (i.e., ^=i), 



JIT 

— is constant, then 

an 



— =a; I=an+C 

an 



But if we be considering the first phase, then when n=0, I=iE ; and when n=N, 
1=0. 
Therefore 

and 

I=-i|n+iE 

dI__,E 

dn — sjc 

JT 

2. In the case of a wheel with any width of teeth, the value of — , in the middle of 

an 

an odd phase, is the same as in the last example, but the maximiun intensity is 
E(l— k). Suppose that it is the p^ phase which we are considering, jp being odd; 
then 

2 H 2 
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dn~ *N 

I=-i|(n+&) 
but when 

n=(p— 1)N, I=E(1— k) 
whence 

6=a— N{2(1— »t)+p— 1} 



I=f{2(l-.)+^-l-2} 



3. In the caae of a wheel with any width of teeth, the value of -;-, in the middle of 

an even phase, is the same as in the two previous examples in magnitude, but of 
opposite sign, and the maximum intensity is E(l— ic). Suppose that it is the p^ 
phase which we are considering, p being even ; then 

but when 

n=p^, I=E(l-/c) 

whence 

c=N{2(l-ic)-2>} 

and 



=f{2(l-,)-^+|} 



K we have two distant reflectors, A and B, nearly in the same line, but at different 
distances Da and Db, and having consequently different speeds Na and Nb, and 
different intrinsic brightnesses Ea and Eb. Then, if Da be greater than Db, Na is less 
than Nb, and we shall have equalities of brightness of A and B at different speeds. 
The first equality is in the first phase of B and the second of A. The second equality 
is in the second phase of B and the third of A, and so on. The r*^ equality is in the r^ 

phase of B and the ?'+l|*^ of A, provided that r(NB— Na) is less than 2Na. We need 
not consider any other case. 

4. Let us consider the case of the r^^ equality when r is even. Here B is increasing, 
A is decreasing. We have then Pj^=r+1, and jp3=r, 



Ia=1r; or 



Ea 
B , or— 



|2(l-,)+(,+ l)-l-^l=S.{2(l-,0-'-+#j 



* We are taking account of the possibilitj of k being different for A and B. But in practice this is 
never the case. 
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If Eb=/>Ea this becomes 

2(l-K)+r-i=p{2(l-«')-.+£} 

If Pi K and K were known we could determine the values of Na and Nb from 
this equation when the velocity n giving equality of brightness had been determined, 

and when the distances Da and Db were known [for ^=t^^)« But these quantities, 
p, K, and Ky are not known. 

5. Let us now consider the r+l|*** equality, when r has the same value as before. 
Here B is decreasing, A is increasing. We have Pj=r'^2y p^'=^r'\'\. 

rA=rB;or^J2(l-K)-(r+2)+^J=^-?{2(l-K')+(r+l)-l-|^} 
Since E'b still =pE'j^ this becomes 

2(l-K)-(r+2)+|-^=p|2(l-K')+r-£} 

6. From these two measurements, viz., of 71 and n\ we can determine Na and Nb in 
special circumstances. Let fr^==9' Then we have two equations 



2(l-K)+r-|-=p{2(l-K')--+J;} 

Subtracting, we have 

2(r+ 1 +pr)=^(^+ l)(n+n')=^n+nO 

If now the distances Da and Db have been carefully chosen so as to make g:= 
this equation becomes 

and 

From this we can deduce the velocity of light. For 

2Db 



r + 1 
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and also 

1 



2mNB 
whence 

V=4mNB.DB 



7. If, however, be not quite exactly equal to g, let 



'-^=!>+i 



our equation becomes 



and 



2r(sr+p+8)=^(n+n') 



" 2r g+p+B 



and 



- 2r y g+p+(g+p)> •••} 

2m{n+n')J)J 8 8* \ 



By employing the first term alone, in this last factor, we obtain an approximate value 
of Nb which enables us to calculate the value of p on the supposition that ic=ic'=i 
(which is always very closely arranged so in practice). Thus we find the value of the 
small correction involved in the second term. The third term can always be neglected 
in our experiments. 

8. To find the approximate value of p imder these circiunstances, we have now the 
two first equations in § 6, reduced to 

and 

Adding these we have 

^(«'-»)=,{2-i-.(„'-«)} 

and 

_ gjn'—n) 

''~2NB-(«'-n) 

also 

_ 2gNB 

^"'■^""2Nb-(«'-») 
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S 
The smallness of the correction due to the term — — in our experiments can be seen 

by examining the details of the observations. 

In our experiments S^=-H' almost exactly. Most of our measurements were made 
with the 1 2th equality. Some however were made with the 1 3th equality. We will 
now examine the formula for this case. 

9. Let us consider the case of the r+2]^ equality, r having the same value as before. 
Here B is increasing, A is decreasing. We have i>A=^+3> P =r+2. 



A=l B or -r- 



J2(i-K)+(r+3)-l-^^}=^{2(l-K')-(r+2)+£} 



Since E''b still =pE!\, this becomes 

2(l-K)+r+2-£=p|2(l-«')-(r+2)+^^} 

But at the r— 1|*** equality 
I 2(l-K)-(r+2)+|^^=p{2(l-K')+r-^} 

subtracting we have 



2(r+2)+2p(r+l)=^(l+^)K+n")=^(n'+n") 



?*4"2 

If now Da and Db be so related that gr=— j, this equation becomes 



2(r+l)(sr+p)=^(n'+n") 

N - ?lt^. and Y 2m(7.- + ^^'ODb 
^»-2(r+l) 3^^ ^- r+1 



9* JLm 9 

If however — -=a+8' the true value of Nb is 

7*+ 1 






To approximate to the value of g+p on the assumption that ic=k =i we notice 
that the above equations reduce to 
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adding these we have 



l+r+2-'|=,{l-(r+2)+^} 
r-(r+2)+f=,{l+r-^} 

2--{n -n')=p(-j^j 



and 



also 



. 2Nb 



Thus 



r + 1 1^ 2Nb +•••/ 



when the 1 3th and 1 4th equalities are used. 

Description of the apparatus. 

The optical arrangements devised by M. Fizeau were admirably suited to the 
purpose, and were adopted, with modifications, by M. Cornu. 

The telescope of emission, which is also the observing telescope, is pointed towards 
the distant stations. At its focus is placed the revolving toothed wheel ; between 
that and the eye-piece is a diagonally-inclined piece of unsilvered glass. 

The reflector designed by Fizeau for the distant station may be called a reflecting 
collimator ; it consists of a telescope pointing towards the observing telescope, but, 
instead of having an eyepiece, it has in its principal focus a silver reflector. The 
advantages of this arrangement are its extreme simplicity and the facility of directing 
it — great accuracy of adjustment being unnecessary. 

The rays of light coming from the sun, or any source of light,* are concentrated by 
means of a lens to throw an image of the source of light, after reflection at the 
diagonal mirror, upon the edge of the toothed wheel. If a tooth be not in the way 
these rays spread out and fill the object-glass, whence they proceed to the distant 
reflecting collimator, where they arrive all nearly parallel in direction. There they 
are caused by the object-glass to throw upon the focal mirror a Imninous image 
of the object-glass of the observing telescope. The rays are then reflected to the 
object-glass, whence they proceed to the observing telescope and produce at its focus 
an image of the object-glass of the reflecting collimator. If no tooth be in the way, 

* In the experiments of 1880-81 we always used the electric light. 
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the rays proceed onwards through the eye -piece to the eye of the observer, who sees 
an illuminated image of the distant object-glass, which from its small size looks like 
a star of light. If now the toothed wheel revolves very slowly he sees the star 
eclipsed at intervals by the teeth ; but if it be revolving so that at least ten teeth pass 
in a second, then, owing to the persistence of visual impressions he sees the star as a 
continuous Jight upon a brightish field produced by the illuminated rotating teeth. 
If the speed be further increased the brightness of the star diminishes owing to the 
light which passed between two teeth in leaving the observing station being partially 
stopped on its return by the advance of a tooth towards that space. So with increasing 
speed he sees the star disappear, then re-appear, attain its full brightness, diminish, 
disappear, reappear, &c., passing through similar phases with perfect regularity. 

One thing more is required either in the method of M. Fizeau or our own, and that 
is to have the means of determining at any instant the velocity of rotation of the 
toothed wheel. Corntj was the first to attempt to do this with accuracy : he 
connected the mechanism of the toothed wheel electrically with a chronograph so as to 
make a mark every 100 revolutions of the toothed wheel. A clock at the same time 
marked seconds, and by means of a vibrating spring tenths of a second were marked ; 
while a fourth marker was under the control of the observer, who signalled the 
instant when he wished the velocity to be determined. Cornu did not attempt 
to maintain a uniform speed of revolution in the toothed wheel, but was able by means 
of the chronographic record to tell the velocity and rate of change of velocity at 
definite times, and hence, by interpolation, the exact velocity at any instant. 

The plan of the present research was arranged in 1872, but it was not until 1875 
that the apparatus was made. Since then the apparatus has been partially modified 
in order to overcome the optical and mechanical diflficulties which arose in the course 
of the work. The most important pieces were — (1) the telescope, (2) the reflectors, 
(3) the revolving toothed wheel, (4) the clock, (5) the chronograph, (6) the dynamo- 
electric machine, and (7) the lamp. 

1. The telescope. — This consists of a 5-inch achromatic object-glass of good quality, 
with a focal length of 7 feet. A Bohnenberger's eye-piece is employed, consisting of 
an erecting eyepiece with a piece of plain glass in fi-ont of the field lens and inclined to 
the axis of the telescope at an angle of 45°. A latei-al hole in the tube of the eye-piece 
allows the light from a lamp, &c., at the side, to be reflected by this diagonal mirror 
along the axis of the t^elescope, and thence to the distant reflectors. The adapter, 
which connects the eye-piece with the body of the telescope, is a tube whose lower half 
is cut away so as to allow the revolving mechanism to be placed below in such a way 
as to bring the upper part, of the revolving toothed wheel into the axis of the 
telescope and exactly in its focus. The light from a lamp or from the sun can be con- 
centrated by a lens so as to throw its image upon the top of the toothed wheel. By 
looking along the axis of the telescope, fi:om the object-glass, an observer can notice 
whether any of the light falls upon the inner sides of the telescope, and in this manner 
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he Ls able to adjust the direction of the beam of light s*3 as to be central, in which case 
it must go directly to the distant reflectors whose images lie close together., not yoo^ 
of an inch apart, on the teeth of the wheel 

Varioas optical difficulties presented themselves, and the arrangements were altered 
at varioas times. These chieflv o^nsisted in illumination of the tield of view, and were 
successively removed- Foiu- improvements specially deserve notice : — 

1. A general and intertse illumination of the whole field was soon traced to a 
reflection fr<^»m the centre of the object-ghtss. To obviate this a circle of black velvet 
about one inch in diameter was fastened to the centre of the object-glass on the inside. 
This was quite successful. 

2. In usinjr powerful lights an interise blaze was reflected from the toothed wheels 
which made delicate observations impossible. We first tried smoking the toothed 

* wheel, but not only did it still reflect a good deal of light but the regularity of form of 
the teeth was impaii-ed ; finally we used a highly-polished toothed wheel slightly 
bevelled, and by tilting the revolving mechanism the light was reflected to the upper 
parts of the interior of the adapter, which being blackened absorbed the light. This 
arrangement succeeded admirably, but some experiments were also made with the 
smoked wheel. 

3. The field still had some general illumination owing to reflection firom grains of 
dust, or scratches, or other imperfections in the plane-glass diagonal reflector. We 
objected to the glass reflector also for another reason : at an angle of 45° a double 
layer of glass reflects only 0*16 of the incident light ; on the return of the light &x)m 
the distant reflector 0*84 of this quantity passes through to the eye of the observer. 
The whole light obtained from this arrangement is then 0'16x0'84=0'136 ; but if 
we could have an arrangement to reflect O'o of the light, so that on its return 
we should see 05X0'5=0'25 of the light, we should nearly double the intensity. 
We accomplished this by substituting for the diagonal glass reflector a silvered reflector 
with an oval hole whose projection on a plane perpendicular to the axis of the 
telescope is a circle, and whose dimensions are such as to allow one-half of the light 
to pass through. The diagonal reflector is three inches from the toothed wheel. This 
arrangement certainly doubled the light, and owing to the darkness of the field its 
superiority over the glass reflector was enormous. 

4. To prevent the slight illumination still remaining on the toothed wheel from 
causing inconvenience to the observer, a strip of metal with a series of holes of varying 
size was sometimes placed in the secondary focus of the eye-piece. It could be easily 
removed and replaced, so that when everything was prepared without its aid this 
diaphragm was inserted, using so small a hole as to show only the distant reflectors 
and two teeth of the wheel. 

Tlie toothed wheel.^ — In contriving the revolving toothed wheel and the mechanism 

* The term '' the toothed wheel " applies in this description to that toothed wheel in the mechanism 
between the teeth of which the light is made to pass. 
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which gives it motion, considerable forethought is necessary. It must revolve at 
a very great speed, and must be capable of going at least for some minutes 
so as to avoid the necessity of continually winding it up. Our apparatus was con- 
structed by Messrs. E. Dent and Co. It is mounted upon three screws, which rest in 
three holes countersunk in a plate of iron, which latter has an oblong hole in it to 
admit the passage of the catgut supporting the weight. This base plate of iron is, 
as before stated, generally slightly inclined by resting on a wedge, so that the light 
striking the toothed wheel is reflected upwards. Each wheel works into a pinion 
so as to multiply the velocity tenfold. These wheels and pinions are on five separate 
arbors, so that the multiplication is altogether 10,000-fold. On the first arbor the 
drum, 3 inches in diameter, is fixed. To the second a circular disc with a milled edge 
is attached. This enables the observer to increase or diminish the velocity of the 
wheel by a touch of* the hand. It also enables him to reduce the velocity before 
putting on the brake, a sudden application of which might injure the mechanism. 
On the third arbor there is a cam which makes contact between two platinum points 
supported by two springs once in a revolution (i.e., 100 revolutions of the toothed 
wheel), by means of which a current of electricity is transmitted to the chronographs. 
On the foiuth arbor there is a brake consisting of a light disc of metal caught between 
two springs. To release this brake a handle or key behind the mechanism is turned 
through a right angle. This separat.es the springs and the brake ceases to act. The 
fifth arbor supports the toothed wheel, which is 1^ inch in diameter, and contains 
400 teeth cut to a depth of -^th of an inch. The wheel is bevelled so as to reflect 
the light away fi-om the observer's eye. Teeth of difierent shapes were tried, but the 
best was found to be that of saw teeth (i.e., with pointed teeth and pointed spaces). 
The width of the teeth could then be varied by raising or lowering the mechanism 
by means of the foot screws. In the same way the toothed wheel could be brought 
exactly into the focus of the telescope. Wheels with varying numbers of teeth 
were also tried, and that one with 400 teeth was chosen as giving the best results. 

The reflectors. — The two reflecting collimators are of identical construction. Those 
which we found to be most suitable were a pair constructed by Messrs. Tkoughton 
and SiMMS. They are supplied with achromatic object-glasses of 3 inches diameter 
and 3 feet focus. At the other end of the tube a cap is screwed on, and to the centre 
of this cap a circular silver mirror is attached by three screws which admit of adjust- 
ment. This mirror is ground to a spherical form, the radius of the sphere being 
3 feet, and the centre of the sphere of which it is a part being the centre of the 
object glass. Other collimators were tried, in which the object-glasses were replaced 
by 9-inch silvered glass reflectors of parabolic form. This pair was constructed by a 
maker who makes a speciality of such reflectors for telescopes ; but the whole work- 
manship was so disgracefully bad in every part, every conceivable fault being found 
in it, and every known device for patching up and concealing bad work having been 
resorted to, that in the form supplied to us they were absolutely useless. They were 

2 I 2 
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discarded altogether when we found that the atmospheric conditions were seldom 
fiivourable enough to admit of our using a larger aperture than 3 inches. We have 
always used the 3-inch collimators in our observations. Three adjustments must be 
made : (1), for focus ; (2), for centering ; (3), for direction. 

(1.) To adjust the focus, the cap with the mirror attached is removed and another 
one put in its place. This one is similar to it in every way except that the mirror is 
replaced by a piece of ground-glass whose surface has the same position with respect 
to the cap that the mirror has in the other ona The image of a star or the sun can 
be thrown upon the ground-glass and focussed. The number of turns and parts of a 
turn of the screw of the cap are then counted, and the cap with mirror is now screwed 
on to the same position. A final adjustment can be made with the collimators in 
position, altering the focus until an observer at the telescope sees the reflected light 
most distinctly. 

(2.) The adjustment which we call centering is accomplished by the three screws 
which attach the mirror to the cap, and causes the centre of the sphere of which the 
mirror forms a part to be at the centre of the object-glass. To test this point a tube 
1 foot long is put on the collimator projecting in front of the object-glass. At the 
end of this tube a small ring is supported in the centre by three strips of metal. On 
looking through this ring the observer ought to see an image of his eye, and the 
screws are adjusted until this is the case. 

(3.) To direct the collimators so that their axes should point to the observing tele- 
scope it was found most convenient to look through the object-glass at the mirror. 
If the head be so far as possible prevented ftom covering the object-glass an image of 
distant objects is seen in the mirror, and the direction is changed until the light 
coming from the observing telescope is seen in the centre of the mirror. 

The dock. — The clock was constructed by Messrs. E. Dent and Co. specially for this 
research. It is driven by a weight attached to an endless chain passing over the 
drum. On the arbor of the drum, and connected with it by a toothed wheel and 
ratchet, is a wheel of 100 teeth working into a pinion of 10 teeth, which is on the 
same arbor as the scape wheel. This arbor bears a hand which marks seconds, and 
the arbour of the large wheel bears a hand which marks the minutes from 1 to 10. 
Any additional wheelwork was unnecessary for our purpose and would only tend to 
introduce errors. There is a dead-beat escapement, and the pendulum rod is made of 
varnished wood. The bob weighs 6 lbs., and the driving weight only 4 ozs., or one- 
twenty-fourth of the weight of the bob. The clock is best woimd up by unhooking 
the weight from the endless chain after having hooked on another higher up. It goes 
without attention for two hours. 

The arbor of the scape wheel bears another similar one, with 1 20 teeth, for niAlfirig 
electrical contact once a second, by which means a mark shall be made on the chrono- 
graph. The system of electrical contacts adopted by us seemed to be free from the 
defects of those which tend to disturb the pendulum, because the springs whose 
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contact sends the electric current are moved during the drop of the scape wheel from one 
pallet to the other. In the figure (fig. 1) a tooth has just passed from the impulse face 
of the pallet P3. ^i now fella through the angle Oj on to the dead face of the pallet Pi- 
During thia interval the tooth { of the smaller* wheel mounted on the same axis as 
Fig. 1. 




the scape wheel moves the contact spring C^ Sj against the contact spring Cg Sj, and 
the current passes. (The point of Cj is agate, and the points of contact are platinum.) 
It will be seen that when the tooth (^ goes on to give impulse to the pallet P^ through 
the angle 6, the tooth t has allowed the springs to separate and it passes through 
its angle b undisturbed. The motion of the tooth t^ can be easily traced from the 
drawing. Careful workmanship was required to carry out this plan, as the angles 
a, aj, Oj ought to be made smaller than in the drawing. The result has been very 
successful. 

Nevertheless, although this arrangement seems admirably adapted for not inter- 
fering with the regularity of the pendulum's vibration, we considered that it was not 
perfectly satisfactory for our purpose. For the length of a second marked by it on 
the chronograph would depend upon the esact form and size of the teeth in the 
auxiliary wheel Consequently, we extemporised a contact free from this defect. A 
hole of the same size as the arbor of the crutch was bored in a piece of cork, and 

* The wheel is here drawn smaller for clearneaa of deacription. It is real); of the same size. 
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a slit was made in the cork to allow it to be fixed upon that arbor. Through the cork 
a thick copper wire was passed stretching horizontally for 3 inches, where it was bent 
downwards at a right angle. This bent arm was half an inch long, was amalgamated, 
and dipped, at each oscillation of the pendulum, into a cup of mercuiy connected with 
the electric circuit. The stout copper ^ire was also connected with that circuit by 
means of a very fine copper wire. This arrangement was very perfect. 

Tfie chronograph, — In all the experiments previous to 1880 we used one of the 
ingenious portable chronographs constructed by M. Hypf, of Neuchatel. In this 
instrument a strip of paper is run off from a drum, and upon it the signals from the 
clock and wheel are inscribed by two siphon pens. Uniformity of motion is given by 
the mechanism of the chronograph ^ving motion to a spur wheel against which the 
end of a spring presse& This spring permits one, two, &c., teeth of the wheel to pass 
in the course of a single vibration, the number allowed to pass being under control of 
the experimenter. A laige number of observations were made with this apparatus. 
But we came to the decided opinion that while it is admirably adapted for observatory 
work where a greater accuracy than yJo*^ second is not required, yet in order to get 
the most perfect possible results a different class of instrument must be employed. 
Consequently we designed a new chronograph, which was constructed for us by 
Messrs. Elliott Brothers. The principle of this apparatus is that we depend for 
uniformity of motion on the inertia of the apparatua It was our object to get rid of 
all clockwork, and by making use of a fly-wheel, which has no work to do, to get rid 
of a host of irregularities which affect (it may be in a very slight degree) all other 
chronographs. 

The base of the instrument consists of two strong triangular castings bound together 
in a horizontal position by three brass pillars. Between these triangles a fly-wheel, 
12 inches in diameter, rotates on a vertical axis. The lower end of this axis is a hard 
steel socket which rests upon the point of a strong screw working in the centre of the 
lower triangle and firmly fixed there by means of a nut. 

The lower triangle is supported upon three feet adjustable for levelling by screws. To 
the upper triangle two vertical brass pillars, 16 inches long, are fixed. They are 
connected at the top by a cross piece of iron, in the middle of which a thick pin works 
vertically with a screw motion, and it can be fixed by a nut. 

The lower end of this pin terminates in a point, supporting the hard steel socket at 
the upper part of the axis of the registering cylinder. This cylinder is of brass. It 
is 12 inches long and 4 inches diameter. Its axis projects an inch at each end. The 
upper end, as before said, rests against the point of the upper screw. The lower end 
is, during an observation, firmly fixed to the axis of the fly-wheel by means of a solid 
brass tube closely fitting these two axes, with six screw nails to ensure rigidity. 
Round the upper end of the axis a silk thread is woiuid which, passing over a pulley 
mounted on friction wheels, carries a small weight. The axis of the cylinder is made 
vertical by the levelling screws, a spirit-level being placed on the top of the cylinder 
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and observed in different positions of the fly-wheel. Thus we have a rigid mass 
rotating about a vertical axis with no cause for irregular motion except the acceleration 
produced by the weight and a slight fiiction, which combine to produce an accelerating 
or retarding force which may be regarded as constant. Two cylinders, exactly similar, 
were employed, and these could be interchanged. The brass cylinders were covered 
with a thin layer of smoke from a paraflfin lamp. 

The marks made by the currents of electricity from the clock and wheel respectively, 
were produced by two aluminium points attached to two springs, which were 
attracted by the poles of two electro-magnets in the circuits of the clock and wheel 
respectively. Thus, while the pens are in contact with the cylinder if there be no 
currents passing, and the fly-wheel be rotated, two circles are traced upon the cylinder. 
The electro-magnets are mounted on a stand which slides up and down one of the 
vertical brass pillars by means of a rack and pinion. Thus the assistant can, by 
turning the pinion, convert the two circular marks into spirals. We judged that it 
was much better to make an assistant perform this work than to use up the energy of 
the fly-wheel in the same way, as is often done in chronographs. Moreover, he turns 
the pinion only while an observation is being recorded, and not in every case when 
the fly-wheel is rotating, thus effecting a great saving in the space on the cylinder. 
The electro-magnets are not fixed rigidly to this support which moves up and down 
on the vertical column. They are attached to it by a vertical axis about which they 
have a small motion. Thus we are able to keep the pens in contact with the cylinder, 
or not, as we please. Ordinarily the pens are kept away from the cylinder by a light 
spring. By sending a current of electricity through a third electro-magnet, the pens 
are brought into contact with the cylinder. This current is sent by the observer by 
means of a contact maker, a few seconds before making an observation. When the 
assistant sees this he moves the pinion so as to cause the pens to describe a spiral, and 
the observer, at the instant of an observation, breaks and makes contact rapidly. 
This leaves a break on the smoked cylinder for about one-eighth of a second, the 
beginning of the break indicating the time of the observation. 

When it is desired to read off the records of observations the cylinder is first taken 
off, and the collar which connected it rigidly to the fly-wheel removed. A ring, to 
which an arm carrying a vernier is attached, is now screwed to the centre of the upper 
triangle, and forms a bearing in which the axis of the fly-wheel can work. This part 
of the axis is conical, having the smallest diameter above. On this conical pivot 
a conical collar, which carries a 5-iuch divided circle, is jammed. The cylinder is 
replaced with the lower end of its axis resting on the pointed upper end of the axis of 
the fly-wheel. It is prevented from rotating independently of the fly-wheel by an 
upright piece of metal and an upright spring, which are attached to the divided circle, 
and which catch between them one of four radial arms at the base of the cylinder. 

It has been stated that one of the vertical pillars carries the marking pens or 
Btylesi The other pillar bears an arm to which is attached a microscope with cross 
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wires in its fociis. This microscope can be raised or lowered on the pillar which 
supports it. On looking through this microscope the marks made by one of the pens 
can be seen and brought, by rotating the fly-wheel, into super-position on the cross 
wires. The position of the cyhnder is then read off by the vernier. The circle is 
divided into 500 equal parts, and by aid of the vernier we can read to one-twentieth 
part of one of these divisions, i.e., to roooo^'h of a revolution. We found it best in 
practice to rotate the apparatus at the rate of about one revolution a second. Hence 
one division of the vernier corresponds to about toooto th of a second. 

The perfect working of the chronograph depends upon a number of conditions which 
must all be fulfilled simultaneously. They are dependent (1) upon the manufacture 
of the instrument, (2) upon the mechanical adjustments, and (3) upon the electrical 
adjustments. The two last alone can be improved by the observer. The principal 
objects to be sought after in the manufacture of the instrument are absence of friction, 
rigidity, and the reduction of the moment of the momentum of the fly-wheel and 
cylinder together about their axis to zero.* The mechanical adjustments are as 
follows : — The vertical position of the axis of the instrument must be carefully tested 
by a level The points of support must be oiled. The screws connecting the cylinder 
to the fly-wheel must be quite tight. The pressure of the upper point of support 
upon the axis must be very nicely adjusted. This point of support must be kept 
rigidly in position by the nut. The electrical adjustments are as follows : — The 
batteries and magnets must be in good working order. The pens must move freely 
and over a suitable range, and they must press with a suitable pressure upon the 
smoked cylinder. 

The dynamO'dectric machine. — ^The electric current to work our electric lamp 
was obtained from a small sized Siemens' dynamo-electric machine requiring three 
horse-power and rotating at the rate of 1,400 turns a minute. The axis of the 
machine is attached directly to a turbine of that kind known by the name of a vortex 
turbine. This was fed by a supply of water with a head of 300 feet coming from a 
distance of about a mile, and led to the house by a 3-inch water pipe. The current 
was led by means of stout wires from the generator to the lamp, a distance of about 
100 feet. No further account of this machine is necessary, as our practice only, and 
not our results, could be affected by any imperfections. 

The source of light. — We employed for oiu- source of light, in the experiments of 
1880-81, a Siemens' electric lamp. A condensing lens was used to throw an image 
of the incandescent carbon, after reflection by the diagonal reflector, upon the toothed 
wheel. Since with this lamp motion is given to only one of the carbon points it was 
necessary to mount the condensing lens upon a framework which should admit of its 
having an up and down movement. For the same reason the diagonal reflector in the 
eye-piece of the telescope was turned round about the axis of the telescope at each 

• Tho maker did not quite fnlly carry ont our ideas on the two last of those points. The rigidity of 
the apparatus would have been increased by having three vertical pillars in place of two. 
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observation so as to send a maximum quantity of light along the axis to the distant 
reflectors. In some of our later experiments we used a bisulphide of carbon bottle- 
prism to send particular colours to the distant reflector. This prism was laid upon a 
ledge on the support of the condensing lens and immediately below it. With a little 
care a very pure spectrum could thus be formed. 

Establishment of the apparatus at Kelly ^ Wemyss Bay. 

The room in Kelly House (the property of Dr. Young) which was used for the 
observatory was the billiard room, facing the front of the house (the west). It is the 
room immediately to the north of the entrance hall or lobby. A pane of glass was 
removed from the window for observation. On the window-sill a brass plate has been 
fixed, with an inscription, indicating the exact relative position of the toothed wheel. 
The telescope was mounted upon two strong wooden supports. The toothed wheel 
mechanism rested upon two very solid beams (between which the cord for the weights 
could pass). These beams rested at one end upon a standard fixed to the wall of the 
room, and at the other end upon a strong box which rested on the billiard table. This 
end was also supported by a standard; and the floor was strengthened by thick 
wooden pi-ops below. The horizontal beams also acted as a support for the fi'amework 
bearing the condensing lens and prism. The electric lamp was on a separate table. 
At one end of the beams and at the observer's right hand mercury cups were placed, 
with metallic contact pieces, by means of which the batteries could be put out of 
action when not required. LeclanchiS oeUs were used for the chronograph connexions. 
Twelve cells were used in all. The clock was attached to the wall of the room facing 
the observer. The levelling screws of the chronograph rested upon three metal plates 
on a piece of wood on the billiard table. 

We have inserted a brass plate in the stone outside the window, with an arrow 
pointing towards the position occupied by the toothed wheel, the distance from the 
point being 106 inches. 

Estahlishment of the reflecting collimators. — The reflecting collimators are placed on 
the hills behind the village of Innellan, separated from the observing telescope by 
the Firth of Clyde. The nearest one (B) is on the summit of the hill called the Tom.^ 
It rests upon two iron Y's which are imbedded in the solid rock. The reflector was 
8 inches further from Kelly {i.e., more to the west) than the most westerly of these 
two Y% whose positions will always be marked by the holes. The collimator was 
covered by a wooden box with a hole in the east side. This box was attached to four 
iron rods placed in holes in the rock. 

The more distant reflector (A) is in the face of the hill to the west of the Tom, 
nearly in the same line as a line drawn from Kelly to the top of the Tom, but two 
feet to the north of this line. It was impossible to gain a solid foundation, but the 

• Kelly House and tJie Tom are both shown on the Ordnance Snrvey Maps. 
MDCCCLXXXII. 2 K 
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! face of the hill waa paxtially excavated, and two holes were "jumped" in a massive 

j stone, in which two Y's were fixed to support the reflecting collimator. The reflector 

\ A was 8f inches further from Kelly than the most westerly of these two holes. 

The reflector A was frequently shifted in direction (not in absohite position) by the 

unsatisfactory condition of the soil. This was especially the case during the severe 

i frost of the winter, and on the occasion of the subsequent thaw. It was covered by a 

wooden box, open to the east. 

The reflector A was not interfered with by any inquisitive persons. But the box 
covering B was once broken open at the west end, and the centreing screws 
abstracted, doubtless with the aim of obtaining a view of Kelly House with what 
was supposed to be a powerful telescope. 

We made some sketches, and took some photographs of the apparatus, from which 
the accompanying plates have been prepared. 

[Note. — It has been decided that the descriptions of the apparatus are sufficiently 
clear, and that it is unnecessary to supplement them by the plates to which allusion is 
here made.] 

The general arrangement of our apparatus gave us considerable satisfaction. We 
could have wished, however, to have had a chronograph of the same kind, but more 
convenient in use in some ways, with greater rigidity, and with a smaller moment of 
momentum about the axis. The mechanism of the toothed wheel might perhaps be 
constructed so as to give a greater velocity than we were able to obtain. If a better 
climate were experienced considerable advantage would be gained, and the telescope 
and reflectors might then be increased in size, and the distances lengthened.^ 

t [MeasK^retnent of the distances between the toothed wheel and the reflecting collimators. 

These measurements were made with the ordnance survey 20-inch theodolite. The 
base-line was the distance between the ordnance survey centre-marks on Knock Hill 
and Innellan Hill. The necessary information was furnished us by Colonel Clarke. 
It seems unnecessary to give details of the triangulation, the manuscript being left in 
the charge of the Royal Society for reference. Calling KeDy House Station C, and 
the reflectors Stations A and B respectively, we obtained 

CA= 18,210-6 feet 
CB= 16,825-3 feet.] 

These distances require several corrections. 

* We wiflli to record our indebtedness during the whole series of the observations which follow, to 
the able and skilful assistance rendered to ns by Mr. D. Stswabt, who superintended the working of the 
chronograph, and aided us in the work generaUj. 

t Details of triangulation have been left out. The part in square brackets here is substituted. — 
O. F., December 17, 1881. 
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(1.) The distances of the reflectors and toothed wheel form the points used in the 
triangulation. These are 

at A-9-18 feet 

at B-0-97 foot 

at C+8-83 feet 



giving a correction to 



and to 



CA= -0-35 foot 



CB= +7-86 feet. 



(2.) The thickness of the object-glasses, giving to CA and to CB a correction of 
4-0'l feet to each. 

These two corrections make CA= 18,210-3 feet and CB= 16,833-3 feet. 

(3.) The reduction to a sphere whose radius is the distance of Kelly from the earth*s 
centre instead of the sea level. The height of Kelly above the sea level is 100 feet. 
This correction is quite insensible. 

(4.) The reduction of the circular measure of the angle subtended by CA or CB at 
the earth's centre to the chord of that arc. The angle is about 3^, and the reduction 
is quite insensible. 

(5.) The station B is 414 feet higher than KeUy, and A is also in the same line. 
Owing to this cause there is a correction of + 1*7 feet to CB and + 1'9 fe^t to CA. 

(6.) Lastly, the rays of light do not go in a straight line from C to A or B because 
they are bent into a curve by refraction. The curvature is so small that we may 
consider it as a part of a circle of very large radius. Supposing that the refraction 
amounted to half as much as the horizontal refraction of a heavenly body, i.e., to 15", 
then the angle subtended by this part of a circle would be 30'. But the diflference 
between the circular measure of 30' and the chord of the arc is insensible. Hence this 
correction is insensible. 

The final result is that the distance CA=18,212-2 feet and CB=16,8350 feet. Or 
Da=CA=3-44,928 miles. Db=CB=318,845 miles. 






Sr=--^= 1-08181 



«=ii-^=+<'-<«»'2 
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r 12 



b'=J|-5*= -000484 
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Translation of the chronograph records. 

The most usual way of observing with the chronograph was to complete the electric 
circuits for the clock and the rotating mechanism during the hour or two that we 
might be at work The circuit which when closed brings the pens into contact with 
the smoked cylinder was however kept open, the means of closing it being a contact 
key in the hand of the observer. The assistant winds up the chronograph (which can 
only go for about 20 seconds) and levels it. He also examines the pens to see that 
they are in working order. The observer winds up the mechanism. He notices that 
his contact maker is in good working oixier. He oils the pivot holes of the mechanism. 
He puts on the number of weights which experience tells him will give the required 
speed approximately. He asks " Are you ready ? " When the assistant is ready the 
observer releases the brake on the mechanism. He may if he please count the number 
of eclipses of A or B before his final speed is obtained. He adjusts the width of the 
teeth by raising or lowering the mechanism by means of one of the levelling screws. 
When the speed which gives equality of lights is nearly obtained he notices and 
records whether A or B is increasing with increase of speed. He makes the equality 
of lights more exact by adding to or taking from the driving weights, or by pulling 
the catgut supporting the weights either up or down, or by touching the milled head 
on the arbor of the second wheel on the mechanism, or in such a way as he has 
decided upon, until he feels that he has complete power to produce equality of lights. 
He then says to the assistant ** Begin." The assistant gives a definite speed (judged 
by the eye) to the fly-wheel and cylinder of about one revolution a second. After a 
few seconds the observer assumes that the cylinder is rotating uniformly. He makes 
contact. The pens touch the smoked cyUnder. The assistant immediately begins 
to lower the support of the pens by means of the rack and pinion, so as to make the 
pens describe spirals close to each other, the pens meanwhile marking seconds of the 
clock, and hundreds of revolutions of the toothed wheel respectively. The observer 
now adjusts the speed so as to produce equality of brightness in the two stars. When 
he is quite certain that he has attained this he breaks contact for one-eighth of a second 
or thereabouts. This leaves a blank in the spiral traces, the commencement of which 
indicates the time at which the speed is required. 

The 12th and 13th equalities were generally used, and sometimes the 14th. 
Successive observations were always made at successive equalities to allow of the 
complete elimination of errors alluded to in the theory of our method. 

The cylinder is completely covered after four or five observations have been made. 

After the spirals have been traced by the clock-pen and the wheel-pen upon the 
smoked cylinder of the chronograph, the divided circle and vernier are attached to 
the instrument, the former being divided into 500 divisions, and the latter reading to 
10000 ^^ ^^ ^ revolution. The microscope with its cross wires is placed so that the 
irregularities marked by the pens on the spiral traces can be readily seen, and brought 
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to coincide in succession with the vertical wire. This done, a reading is taken, and 
the cylinder is turned round until another mark coincides with the vertical wire. So 
the operation is continued, first with the wheel marks, and afterwards with the 
clock marka In reading off the marks on each side of a break in the traces care must 
be taken to notice whether a mark (or it may be even two marks) have been omitted. 
Care must also be taken to notice the number of whole revolutions of the cylinder. 
But it is only in the case of the clock-pen that this is necessary; and even in this case 
the omission of this precaution could hardly lead us into error. In this way we may 
obtain a series of readings for the wheel and clock respectively such as the following : — 



January 20, 1881, No. 6. 


Wheel. 

i 


Clock. 


Reading. 


Differences. 


At mean reading. 


Beading. 


. Alternate 
differences. 


Alternate second 
differcDoes. 


231 
2,642 
7,449 


2,411 

2,404 


1,437 
5,046 


515 

8. 9,890 

23,072 

«2 32,309 

45,300 

54,433 


22,557 

(22,419) 

22,228 

22,124 


329 
295 


Signal at 3,810 


Signal at 24,108 



The signals are indicated by the commencement of the break in the pen traces. 
Notice that in the reading of the wheel marks the third one is a blank, indicating that 
one mark is omitted in the break. In consequence of this the corresponding 
"difference" is half of the difference between the two numbers 2,642 and 7,449. 
Notice also that in taking the clock differences we must subtract the alternate read- 
ings, partly because the clock cannot be perfectly " in beat," and partly because the 
electrical connexion is such as to make the length of the second, as registered, depend 
upon the direction of vibration of the pendulum. 

The "difference," such as 2,411, in the column of the wheel record, is the number 
of divisions (or ten-thousandths of a revolution) passed over by the cylinder in the 
course of 100 revolutions of the toothed wheel. 

The "alternate difference," such as 22,419 in the column of the clock record, is the 
number of divisions passed over by the cylinder in the course of two seconds of time. 

If the cylinder rotated with perfect imiformity the quotient of these two numbers, 
viz., ^fj4^=9'2986, would be the number of hundreds of revolutions completed by 
the toothed wheel in two seconds of time, and if we multiply this number by 50, we 
get 464*93 revolutions per second as the speed of the toothed wheel. 

But as a matter of fact the chronograph-cylinder is constantly accelerated by the 
small weight, and retarded by the friction of the instrument. The total effect is 
generally a retardation, gradually diminishing the velocity of rotation of the chrono- 
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graph. In the short interval of time (usuallj about one-fourth or one-fifth of a second) 
between two wheel marks this retardation does not affect us. We can say, in the 
above example, that the cylinder is passing over 0*2411 revolution in 100 turns of 
the toothed wheel, at the instant when the pen is at the reading 1,437 ; and that it is 
passing over 0*2404 revolution in 100 turns of the toothed wheel when the pen is at 
the reading 5,046. A simple proportion tells us that when the pen is at the reading 
of the signal, i.e., 3,810, the number of revolutions in 100 turns of the toothed wheel is 
0-241 1 -fl^ X 0*0007=0*2406. 

But in the case of the clock trace we use intervals of two seconds. Here the case is 
very different. From the readings of the chronograph we must determine what was 
the actual velocity of the cylinder at some particular reading of the chronograph, what 
was the retardation produced by the excess of friction, what is the law according to 
which the velocity of rotation of the cylinder varies with the reading upon the 
cylinder; and thence what was the velocity of its rotation at the time when the signal 
was indicated. 

Let 8 be the reading at any time t, and v the velocity of rotation of the cylinder. 

When <=0, let s=Sq, and let v=^u. 

Let «=«! and s^ when the times are ti t^ respectively. 

Let/ be the excess of friction, or the retardation. 

Then 

«i=«o+^*i— iA* 



-t,-t, J 2 



Therefore v=the velocity of rotation at the time ^■^. 

Now let s be the reading corresponding to the velocity of rotation v, or the reading 



at that time • 



;=^+u''«-J/(^-|^)' 
but 

Therefore '>='^-\-m}-\-t}-^hiA 

='±-''+i/(^)' 
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In our case t^^ti=2 seconds. Hence we have 

«=-^-y-^+^/, corresponding to 1;=^^^- 
To determine the value of/ we notice above that 

^2-«l=^«2-«l)-i/(«3'-«l') 
80 

(where 53 is the reading of the clock mark two seconds later than the mark indicated 
^y ^s)> ^^^ *a— *i=*8~*s=2 seconds. Therefore, subtracting, we have 

=4/ 
whence 

\h — h) (^8 ^1 ) 

"" 4 

It follows then that / is equal to the second alternate difference in the above 
example divided by 4. 
This value of/, thus determined, is never perfectly constant ; but we can interpolate 

SO as to find its mean value in the interval between the reading ^y^+^ and the 

reading correspondmg to the signal given by the observer. 

[N.B. — ^When through imperfection of adjustment the values of / were very 
discordant, the observation was always rejected.] 

To deduce the velocity v of rotation of the cylinder when the reading (corresponding 
to the signal) was 8, we notice that 

=(V)-?^(-H^-i/) W 

The first thing to be done in applying these formulse is to determine the value off 
which is to be adopted. The record given above shows us that, at the reading 23,072, 
4/= 329 ; and at the reading 32,309, 4/=295 ; and we obtain for the value of 4/, at 
the signal reading 24,108, by simple proportion, 

• 4/;=329-||x34=325. 



I 

!l 
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Takiiig this as a first approximation to the value of 4/' which is to be ad:p 

find 

^ = 5,S90 

^, = 32.309 



• .fr*^ 



«j+«.=42,199 

*=— "— +4/=21,lu0+4l = 21,141 (assuming y^ is sufficiently near to the oc-rrsci 
value of/). 

The value of 4/ corresponding to this value of a? is 

4/2=329 +J;^^4^ 34 = 336. 

The value for if which we must adopt is the mean of these two, i/i and ir'^ 

4/=i(325+336)=331 

[We might adopt this improved value for / to find a truer value for s, and thence 
we might get a still nearer approximation to the correct value of/ In practice we 
find that no greater accuracy would be thus attained.] 

Substituting now in equation (A) we have 

*^^=11,210; ^-|'^f'^+^=24,l^^ 

= 2,967 

r2=(ll,210)2— 166x2967 

and 

r=ll,188. 

We have neglected all account of the position of the decimal point up to this stage. 
It is easy to see that the above value of v means that the cylinder of the chronograph 
is, at the instant of equality of the lights, rotating at a speed which if uniform would 
accomplish 1*1188 revolutions per second. At the same instant the cylinder rotated 
0*2406 of a revolution in the time taken by the toothed ^heel to complete 100 revo- 
lutions. Hence the speed of rotation of the toothed wheel is 

1*1188 
^'=7rrT;^:^77:^=465'00 revolutions per second. 

0002406 ^ 

The value of v is calculated by the help of seven-figure logarithms. 
Having now studied in detail the method of reduction of this particular observation, 
the following systematic form for the tabulation of results will easily be understood : — 
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January 20, 1881, No. 6. 



Wheel. 



Clock. 



Reading. 



231 
2,642 
7,449 



Differences. 



2,411 
2,404 



At mean readiog. 



1,437 
5,046 



Reading. 


Alternate 
differeneea. 


Alternate lecond 
differences. 


515 
9,890 
23,072 
32,309 
45,300 
54,433 


22,557 

(22,419) 

22,228 

22,124 


329 
295 



Signal at 3,810 



Signal at 24,108 



t;'=0002406 



w =-,=465-00 
t; 



i=21,141 
4/= 331 

r= 1-1210 

Correction for friction, Ac. = — -0028 



v= 11182 



Referring to the mathematical theory of our method it will be seen that in order to 
calculate for each observation the slight correction which must be applied, owing 

to ^^ being not exactly equal to -Hi ^^ '^ necessary to make a first approximation to 

the velocity of light neglecting this small correction. Our formula for this first 
approximation, studying the 12th and 13th equality (which is the best pair for our 
purpose), is 



The mean value of all our determinations of 



n'\'nf is 880-02 
Db=3-18845 
2m=800 



r=12 



rV=187,060 
Ifirst approximation 



log =2-9444922 
•5035796 
2-9030900 



99 



99 



6'3511618 
10791812 

5-2719806 



MDCCCLXXXll. 



2 L 



I 
• I 



ll 

'I 



'I 



I 



r 

■ • 

I' 
I 






I 

li 
■j 

i 

1 

I 

J 



258 DR. J. YOUNG AND PEtOFESSOB G. FORBES ON THE 

Also from § 6 of the mathematical theory the first approximation to the value of 
2N, is '^^ 

r 

log(n+n') 2-9444922 

logr 1-0791812 

r2NB=73,350 1-8653110 

I first approximation 

^=108181 0341510 

r2srNB=79-3345 18994620 

IfiiBt approximation 

These are the values which are adopted in calculating the second term in the 
following reductions. 

The rejection of observcUions. — We resolved never to reject a single ohservation 
simply because it difiered largely from our average result. The only cases where we 
rejected an observation were (1) when there was no corresponding observation of the 
next equality taken at a very short interval of time, and (2) when the traces made by 
the clock pen on the chronograph showed great irregularities in the second differences, 
or when they showed that the friction on the axle was abnormally great. 

With reference to No. (1 ) we may state that a quarter of an hour even might alter 
the value of p by fog, &c., and this would invalidate the result. 

With reference to No. (2) it is right to say that we generally read off a lai^ 
number of clock*pen marks corresponding to each observation. From these we could 
easily judge if the chronograph was working weU. 
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December 21, 


1880, No. 1. 




Wheel. 


Clock. 


Beading. 


Diffonnet*. 


At mMD leading. 


Beading. 


Alternate 
differences. 


Alternate eecond 
diflbiencea. 


10,061 
12,614 
17,759 


2,563 
2,573 


11,838 
15,187 


5,652 
15,553 
27,477 
37,267 
49,048 
58,664 


21,825 

21,714 

(21,571) 

21,397 


254 
317 




Signal at 13,657 




Signal at 33,915 


«'= -002569 


Correction fo 


«=38,302 
4/= 310 




n=^,=421-08 




r friction, &c. = 

« 


10786 
+ -0032 


1-0818 







December 21, 


, 1880, No. 2. 




Wheel 


Clock. 


Beading. 


Difliienoe*. 


At mean reading. 


Beading. 


Alternate 
diflerencea. 


Alternate weond 
differenoet. 


6,790 

8,106 

12,*700 


2,816 
2,297 


6,948 
10,403 


5,370 
17,091 
26,755 
38,289 
47,846 
59,302 


21,386 

(21,198) 

21,091 

21,013 


294 
185 


Signal at 8,679 


Signal at 28,958 


«'= -002306 


Correction foi 


«= 27,726 
4/= 280 




n'=* =459-28 

V 




v= 
r friction, &c. = ' 

0= 


1-0599 
•0008 


1-0591 



From Nos. 1 and 2 - 



r ' 

1-^=0-999823 

^ Prodnct =V= 187,007 

2 L 2 



Correction for second term = —125. 
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D(«ember 21. IwJ. So- A. 



B..II.C. 


1 1 

DifiMBWL , At 


».n.dlV- 


bKliw 


.Umum 


Ah^y iiriai 


1,1:17 
S.ICI 

I 


l,t.M 
1,972 


2,179 
5,133 


7.953 
17,419 
■it,695 

«l,i43 

5(.»!o 
57,271 


16,742 

(16,448) ; 
16,12% 


294 
320 




Sigi^ u 9,182 






Si|!D;il >t 33,692 






r'=-0019M 




Correctioi 


r=3 

4/= 

forfnction. &c. =- 


2.95fl 


1 


i*=^.=417-.'i* 




•8224 

Dose 




'S21S 







December 21 


, 1860. No. 6. 


WbMl. 


C1<N^ 


B«»llDs. 


mtknuem. 

1 


A I nwii readiDg. 


Biding. 


AltuiuM 
differeiwei. 


AltoMteMeMd 


8.4« 
lO.So^ 
14,723 


2,110 
2,083 

1 1 


9,503 
12,641 


5,952 
14,7M 
25,818 
34,498 
45,345 
53,915 


19,866 
19,699 
(19,520 
19,417 


339 
282 


Signal &t 12,241 


Sign&l at 32,524 


p= -002086 


7=35,616 
4/= 285 




h'=^,=4fi9-U 




Corraction for friction, A«. = 


■97640 
+ -00224 ' 




t= 


-97864 i 



Fmm Noa. 5 and 6 



.(niiw.. 



Correction for Becond term =—79. 



Product B>y= 188,405 J 
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December 21, 


, 1880, No. 8. 






Wheel 




Cloek. 


Reading. 


Diiforenceg. 


At mMUi nading. 


Bfkding. 


Altenuto 
difitoenees. 


Alternate second 
differences. 


7,785 

9,628 

13,277 


1,848 
1,825 


8,707 
11,453 


7,927 
17,479 
25,352 
34,756 
42,518 
61,729 


17,426 

17,277 

(17,166) 

16,973 


259 
304 


Signal at 10,263 


Signal at 30,460 


1?'= -001833 


CJorrection foi 


»= 33,972 
4/= 292 




M=*=469-88 

V 




! friction, &e. — 


•85830 
+ -00298 




•86128 







December 21 


, 1880, No. 9. 




Wheel. 






Cloek. 


Beading. 


DUferencee. 


At meu> reading. 


Readlog. 


Alternate 
difierences. 


Alternate aeeond 
differeneea. 


5,630 

7,936 

12,525 


2,806 
2,296 


6,783 
10,231 


7,000 
16,737 
26,172 
84,790 
46,100 
63,566 


19,172 

(19,053) 

18,928 

18,776 


244 
277 


Signal at 8,924 


Signal at 29,096 


«'=^002299 


i= 25,295 
4/= 248 


n= ^=413-32 

V 


Correction for friction, &o. — ■ 


•95270 
•00247 




«= 


•95028 



From Nos. 8 and 9 



2m 



(n-hnQDB 



1—7- = 



187,736 
•999678 



Prodnct=V= 187,676 J 



• Correction for second term = — 60. 
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I ■ 







December 21, 


1880, No. 10. 








WhaeL 






ClodL 




Blading. 


DUTereneei. 


At mew nadiDg. 


BctdiDg. 


Alteraite 


Altentte KeoBd 

a*^^ . 


3,542 

5,795 

10,310 


2,253 
2,258 

1 


4,669 
8,053 


9,604 
19,223 
30,755 
40,272 
51,^4 
61,034 


21,151 

21,049 

(20,&s9) 

20,762 

1 

■ 


262 
2e7 




Signal at 6,918 




■ 


Signal M 37,186 




1 
1 


1;'= 002256 






i=41,-236 
4/= 285 



n'= .=464-24 



r= l-«I»44o 

Correction for firicdon, 4c. = -H '«X'28 



r= 1C473 



From Nob. 9 and 10 ^. 



^ 2j-^-±^^=. 



1=-^ = 



186,537 
■999570 



[ Product=V= 186,457 j 



Correction for second term = — 80. 



I I 

i 
I 



December 21, 1880, No. 11. 





Wheel 




RMding. 


Difference*. 


At mean reading. 


1,897 

4,721 

10,373 


2,824 
2,826 


3,309 
7,547 



Signal at 5,690 



t;'= 002825 



n=-=410-12 

V 



Clock. 



Beadiog. 


Alternate 
diffcreneen 


Alternate aeeabd 
difleieneeL 


2,422 
13,039 
25,757 
36,229 
48.770 
59,164 


23,235 

(23,190) 

23,013 

22,935 


3-22 

255 

\ : 

• 

1 



Signal at 25,918 



«=24,675 
4/= 325 



©= 



Correction for friction, &c. = — 



11595 

•0009 



r= 11586 



From Nob. 10 and 1 1 



2m 



(n+n')D„ 



^^"=185,857 1 



Y _ ^ — .099630 ^ Correction for Becond term = — 79 
^+^ ' " I 
Product=V= 185,788 J 
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January 20, 


1881, No. 3. 






WhMl. 






Clock. 


UMding. 


DifbmioM. 


A( mean iMding. 


Beading. 


AlteniUe 
diffBrenoei. 


[ 
Alternate Mooad 1 
difierenees. 


9,610 
12,666 
18,767 


3,056 
3,051 


11,138 
16,717 


6,415 
21,264 
31,805 
46,456 
56,885 
71,344 


25,390 

(25,192) 

25,080 

24,888 


310 
304 


Signal at 13,914 


Signal at 34,168 

1 


»•= •003063 


1 
1 

Correction fo 

1 


J= 33,899 
4/= 309 




«=^,=412-63 




r friction, &c. = • 


1-2596 
•0002 


1-2594 







January 20, 


1881, No. 4. 




Wheel. 


Clock. 


Reading. 


DiSerencea. 


At mean reading. 


Beading. 


Alternate 
diSereneea. 


Alternate teeond 
diSereneea. 


2,214 

4,960 

10,469 


2,746 
2,755 


3,587 
7,716 

• 


7,554 
22.621 
33,822 
48,207 
58,791 
73,563 


25,768 

(25 586) 

25,469 

25,356 


299 
230 


Signal at 5,291 


Signal at 35,490 


»'= -002750 


Correction foi 


»=35,450 
4/= 289 




n'=*=465-18 

V 




«= 
r friction, Ac. 


1-2793 
0-0 


1-2793 



t*rom KOB. 3 ahd 4 



2.^^^±^^= 



1 



h 



9+P 
Product =V: 



186,569 

-999603 
186,495 J 



Correction for second iemi ar -^74 
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Janaarj 20, 


1881, No. 5. 




Wheel. 

1 


Cloek. 


Bmding. 


Differences. 


At mean reading. 


Beading. 


Alteroate 
differences. 


Alternate aecoad 
differences. 


2,926 

6,687 

11,243 


2,761 
2,778 


4,307 
8,465 


8,863 
22,476 
32,127 
45,550 
55,022 
68,216 


23,264 

(23,074) 

22,895 

22,666 


369 
408 


Signal at 6,119 


Signal at 36,377 


«'= -002768 


Correction foi 

1 


«= 34,060 
4/= 378 


M=-,=415-15 

V 


r friction, &o, = • 


11537 
•0046 


11491 







Jannary 20, 


1881, No. 6. 


Wheel. 


Clock. 


Reading. 


Differences. 


At mean reading. 


Beading. 


Alternate 
differences. 


Altenuite second 
diflotenc«a. 


231 
2,642 
7,449 


2,411 
2,404 . 


i 

• 

1,437 
5,046 


515 
9,890 
23,072 
32,309 
45,300 
54,43*3 


22,557 

(22,419) 

22,228 

22,124 


329 
295 


Signal at 3,810 


Signal at 24,108 


v'= -002406 


i= 21,141 
4/= 331 


h'=-,=465-00 

V 


Correction for friction, &c. = 


11210 
- 0022 


1 


v= 


11188 



From Nob. 5 and 6 



2m 



(n-hw')DB 



ff+P 
Prodnct =V: 



187,088 

•999550 
187,003 J 



Correction for second term =— 85» 
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December 21, 


1880, No. 2 






Wheel. 




aock. 


Reading. 


Differences. 


At mean reading. 


Reading. 


Alternate 
differences. 


Alternate second 
differences. 


5,790 

8,106 

12,'700 


2,316 
2,297 


6,948 
10,403 


6,370 
17,091 
26,756 
38,289 
47,846 
69,302 


21,386 

(21,198) 

21,091 

21,013 


294 
186 


Signal at 8,679 


Signal at 28,058 


«'= 002306 


Correction fo) 


«=27,726 
4/= 280 


n'=^,=459-28 

1 


r friction, &c, = 


10599 

- -0008 


10591 







December 21 


, 1880, No. 3. 




Wheel. 

1 




Clock. 


Beading. 


Differences. 


At mean reading. 


Reading. 


Alternate 
differences. 


Altenute lecond 
differences. 


8,430 
10,766 
15,400 


2,336 
2,317 


9,698 
13,083 


9,432 
21,958 
32,432 

55,078 
67,330 
77,621 


23,000 

(22,646) 

22,443 


345 
203 


Signal at 12,051 


Signal at 42,348 




v'= -002823 




Correction foi 


«=43,790 
4/= 282 


n"=-,=487-89 
t; 


r friction, &o, = 


11323 
+ -0011 


11334 



From No8. 2 and 3 



2m 



(n--hn-)D 3_ 



r-hl 



«' 






Product =V: 



MDGCCLXXXIL 



186,846 

1-00185 

186,190 , 
2 M 



• Correction for second term = + 344. 
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January 20, 


1881, No. 6. 






Wheel 




CloelL 


Beading. 


! 

Differences. 


At mean reading. ; 

1 


Beading. 


Alternate 
differences. 


Alternate second 
differences. 


231 
2,642 
7,449 


2,411 
2,404 


1,437 1 

1 

5,046 


515 
9,890 
23,072 
32,309 
45,300 . 
54,433 


22,557 

(22,419) 

22,228 

22,124 


1 

329 
295 


1 

Rignal at 2,406 




Signal at 24,108 




t;'=-002406 


■ 


Correction foi 


7=21,141 
4/= 331 


7i'=-,=465-00 
v' 


- friction, <fcc. = - 

■ 

t;= 


1-1210 
•0022 


1-1188 







Jannaiy 20, 


1881, No. 7. 




Wheel 




Clock. 


Reading. 


DiflennoML 


A( mean reading. 


Beading. 


Alternate 
di&rencei. 


Alternate second 
difibrenoes. 


6,229 

8,610 

13,325 


2,381 
2,358 


7,420 
10,968 


4,722 
18,357 
27,994 
41,379 
50,908 
64,095 


23,272 

(23,022) 

22,914 

22,716 


00 CO 
00 00 


Signal at 9,144 


Signal at 29,346 




«'= -002370 




Correction foi 


«=29,912 
4/= 352 




n"=-,= 485-87 




r friction, &c. = - 


1-1611 

4- -0004 


11515 



From Nob. 6 and 7 



r-hl 

1 ' 



186,572 

:100138 



Product =V= 186,830 ^ 



• Correction for second term ss +258. 
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January 20, 


1881, No. 8. 




Wheel. 


Clock. 


Beading. 


Differences. 


At mean reading. 


Beading. 


Alternate 
differences. 


Alternate second 
differences. 


2,823 

5,714 

11,528 


2,891 
2,907 


4,269 
8,621 


139 
16,186 
27,469 
43,326 
54,535 
70,190 


27,330 

(27,140) 

27,066 

26,864 


264 
276 


Signal at 8,014 


Signal at 28,248 


<;'=: -002905 


Correction foi 


i=29,789 
4/= 266 


n'=^,=467-37 


• friction, Ac. = - 

17= 


1-3570 
f -0007 


1-3577 



' 2J'''+'*">°» 



From Nos. 7 and 8 < 



r-hl 



5' 



9+P 
Product=V: 



187,037 

1-00122 
187,266 



• Correction for second term = +229 







January 21, 


1881, No. 2. 




WheeL 


Clock. 


Beading. 


Diffiwenoes. 


At mean reading. 


Beading. 


Alternate 
differences. 


Alternate second 
differences. 


4,207 
6,805 

. . 

14,574 


2,598 
2,590 


5,506 
10,690 


4,058 
17,526 
28,819 

53,165 
65,962 
77,117 


24,761 

(24,346) 

23,952 


415 
394 


Signal at 9,000 


Signal at 39,234 


• 


v'= -002593 




Correction foi 

« 


i=41,043 
4/= 410 




n'=-,=470-04 

V 




* friction, &c. — ' 


1-2173 

■f -0015 


1-2188 



2 H 2 
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Jumarj 21, 


1881, No. 3. 




Wi«L 




aocL 


bllt. 


IHfleRaM. 


Mncuradias. 


«-» ' ^^ 


diflbmMM. 


r,a)3 

9.949 


2.446 ' 

1 

2,412 1 


8,726 
12,361 


5.879 ' 
16,947 23.799 
29.678 (23.672) 
40.619 23.339 
53.017 ' 23,210 
63,829 


460 
462 


SignMl at 12,071 


Sigiol U 32,305 


i/= 002415 


;=28,841 
4/= 460 


-.■'=^=487'5ft 


Correction for friction, Ac, = 


M836 
- 0061 


11775 



2m^—~^'= 187,89? 
From Nos. 2 ftnd 3 i . _^_i,aaii,s > Correction for second term =+213 

I. Predncl=V=188,110 J 







J«nn»tj 21, 


1881, No. 4 






Wlieel. 






Clock. 


B»ll.«. 


DiOkKnM. 


At mm .Mi,^ 


B««liii«. 


Altcrnsle 


AltAIMMMmd 

293 
245 


7,376 
9,893 
14,'8S9 


2,517 
2,483 


8,6,36 
12,376 


4,725 
15,768 
28,334 
39,217 
61,650 
62,421 


23,609 
1 (23,449) 

23,316 
1 23,204 


Signal >t 11,605 


Signal at 31,786 


f'= -002940 




.=27,529 
4/= 288 


ti'=^=469-85 


for friction, ic'Z 


11725 
- -0026 


1-1699 



From Nob. 3 and 4 



2iii ^"^"j^ — '=187,860 

1 — ^=1-00117 

Prodnct=V= 188,079 



Correction for second term = +219 
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The following is a summary of these results : — 

12th and 13th equalities. 

1880 December 21, Nos. 1 and 2 



9> 
99 



99 



99 



99 



99 



5 

8 

9 

10 



9> 

9f 



1881 January 20, Nos. 3 



G 
9 

„ 10 
„ 11 

4 



>> 



>> 



» 



>> 



¥=187,707 miles per second. 
188,405 
187,676 
186,457 
185,788 
186,495 
187,003 



Mean for 12th and 13th equalities : 


V=187,076 


13th and 14th equalities. 




1880 December 21, Nos. 2 and 3 


V= 186,190 miles per second 


1881 January 20, Nos. 6 „ 7 


186,830 


99 99 • 99 " 


187,266 


„ January 21, Nos. 2 „ 3 


188,110 


99 99 *^ 99 ^ 


188,079 



Mean for 13th and 14th equalities : 
General mean of both sets . . 



V= 187,295 
V=187,167 



9f 

99 



Multiplying this by the mean refractive index of air (=1'00029) we obtain the value 
for the velocity in vacuo, viz.: 187,221 miles per second. 

This must be corrected for the rate of our clock. 

One second of our clock is equal to 0*999723 of a mean solar second. 

Dividing the value found for V by this quantity, we obtain the final value for the 
velocity of the white light from an electric lamp in vacuo, viz. : — 

V=187,273 miles per second (log= 5*2724757) 
=301,382 kiloms. per second (log=5-4791167) 
Using Struve's constant of aberration 20''*445. 
The resulting parallax of the sun is =8'''77. 
Distance of the sun =93,223,000 miles. 

The value obtained by Cornu,* using the method of Fizeau, was 300,400 kiloms. 
per second. He nearly always used the Drummond (or lime) light A few experi- 
ments were made with a petroleum lamp. 



" Annales de TObservatoire de Paris'* (M^moires, tome xiii.), 1876 
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The valae obtained by IfiCHELSoy,* using a modification of the method of 
ForcArxT, was 299,940 Idioms, per second. He always used the light of the sun 
when near the horizon (in the early morning or late afternoon), except in a single 
set of observations where he used the electric light, and which he considered un- 
satisfactory. Thus we have three series of very carefully conducted experiments to 
determine the velocity of light, each one differing essentially from the others in their 
method of research : the results are all verv close to each other, and we believe that in 
the sequel we shall be able to show reasons for the outstanding differences. Grouping 
the three sets in order we have : — 



Uml aooite of light Method. BcnhilbrV. 



I MiCHELSOS* . . . The snn nemr horizon . Deflection hj mirror .... 299,940 
j CoR5rf .... lime light .... Toothed wheel and eclipses . 300,400 



Tou5G and Fobbes . Electric light . . . Toothed wheel and equalities . 301,382 

CoRXU — ^MiCHELSON 460 kiloms. per second. 

Young and Forbes — Michelsox. 1,442 „ „ 

Young and Forbes — Cornu . . 982 „ 

After we had completed the observations which have now been reduced, we found 
reason for believing that the velocity of light depends upon its colour, and further 
examination of the question confirmed us in this opinion. It seemed useless then to 
continue to measure the velocity of a light whose colour changes considerably and 
quite sufficiently to give us values for the velocity of light vaiying much more than 
any errors of observation could make them vary. We then devoted our attention to 
an examination of the question involved in the second part of our research, viz. : 
whether the velocity of light depends upon its colour, and if so to what degree. 



PART II. 

(I Relative VELocnr of Lights of different Colours. 

Does the velocity of light depend upon its colour? 



Before describing the observations which furnish an answer to this question, we 
will briefly recapitulate the general arrangements in our method of working, so that 
those who wish it may study this part of our research independently of the rest. 

* "Astronomical Papers prepared for the use of the American Ephemeris and Naatical Abnanae." 
VoL i., part iii., 1880. 

t " Annales de rObsenratoire de Paris " (Memoires, tome xiii.), 1876. 
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Our method is very like that of M. Fizeaxj. We have an observing telescope, in 
the focus of which, and in a plane perpendicular to the axis of which, we have a 
toothed wheel revolving with very great velocity. The light from the sun or from an 
electric or other lamp is condensed by a lens, and reflected by a diagonal reflector 
in the eye-piece, so as to throw an image of the incandescent carbons upon the toothed 
wheel. The light passing between the teeth goes to a distant reflector and returns 
by reflection to the object-glass of the observing telescope, by which the rays are 
brought to a focus in the plane of the toothed wheel at that exact part of the focal 
plane whence the i^ys had emerged which were capable of striking the distant 
reflector. This point in the focal plane is of course that point at which the observer 
sees the distant reflector (through a small aperture in the diagonal reflector), or at 
which he sees a star of light when the lamp is in action. 

If the double distance to the distant reflector and back were about six miles, we 
know, roughly speaking, light takes about ^^oob second to traverse the double 
distance. Now suppose the wheel to rotate very slowly. We see alternately a tooth 
of the wheel, and a star of light shining in the interval between two teeth. If the 
speed be increased so that more than 10 teeth pass in a second, the persistence of 
visual impressions causes us to be imable to distinguish these alternate phases. We 
see a star of light continuously upon a partially illuminated field. If in 3T Joir second 
a tooth passes into the position previously occupied by a space, then the light which 
passed away through a space to the distant reflector is on its return stopped by a tooth 
and we see nothing but the tooth, while when a space between two teeth is at that 
part of the field of view where the star should appear no star of light is seen, because 
3i^Q(^ second ago a tooth occupied that position, and no light could get through to 
go to the distant reflector. If there be 400 teeth in the wheel this speed of revolutiou 
is ^f^SxjT of a second to one revolution, or 38*75 revolutions a second. At this speed 
of revolution no star of light would be seen, but if the speed be doubled the light 
passing out through a space to the distant reflector can on its return pass through 
the next space to the eye of the observer, and the light is seen with its ftdl intensity. 
If the speed 3875 revolutions a second be increased threefold, fivefold, &c., or any 
odd nimiber of times, we have an eclipse of the star. If that speed be increased 
twofold, fourfold, &c., or any even number of times, we have full brightness. 

Fizeaxj, and Cornu after him, measured the speed required to produce an eclipse, 
and thence they deduced a value for the velocity of light. Our method, however, 
differs distinctly from theirs in this way : that in place of having a single reflector 
in the distance, we have two at different distances from the observing telescope, but 
nearly in the same line with it, so that the observer in looking through the telescope 
sees two stars side by side separated from each other by a distance of about 25^^ of arc. 
While the toothed wheel is being rotated with gradually increasing speed, the star 
coming from the more distant reflector (which we call A) is eclipsed before that one 
coming from the nearer reflector (which we call B). As the speed increases A grows 
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blister, while B is still diminisbiiig ia brightness, and at a certain speed they are of 
eqtial brigfatnesa. In the same 'sraj in the different phases, as the speed of the wheel 
is increased more and more, we hare a succession of equalities in the two stars. The 
distance of A from the observer is to that of B in the ratio of about 13 to 12. 
Hence it follows that the sixth maximum of B coincides with the seventh minimum 
of A. In the following figure absdssae represent speeds of revolution of the toothed 
wheel, and ordinates intensities of the stars. The inteisection of the two lines indi- 
cates eqnah^ of bri^tneas and fihowB the speed required to produce it. 

Fip. 2. 




The lines in the above figure which indicate the brightness are subject to certain 
alterations dependant upon the necessaiy imperfections in the optical and mechanical 
parts of the apparatus. It has been shown in the previous part of this memoir that 
oiur method is in general unaffected by these alterations. Most of our observaiions 
have been made at speeds corresponding to the 12th, 13th, and 14th equalities, and it 
will be Dnnecessary in the diagrams which represent further development of the 
theory to delineate other parts of the diagram. 

Dtjftinctive colours observed in the return light. 

Having made these preliminary remarks, we will now proceed to trace the steps by 
means of which the relation between colour and velocity has been suspected, and the 
quantity of the effect has been approximately determined. 

In the course of our observations made with sunlight at Pitlochry in 1 878, and in 
those made with the electric light at Kelly in 1880-81, we were frequently annoyed 
t^ the presence of colour in the stars, one of them appearing reddish and the other 
bluish. This made it very di£Scult to appreciate the exact speed which might be said 
to produce equality in the lights; for, as is well known, it is very difficult, if not 
impossible, to judge accurately of the equahty of two lights of different colours. AVe 
considered that these colours arose from a want of accurate adjustment of the distant 
reflectors. These consist each of a telescope tube with an achromatic object-glaas at 
one end, but with no eye-piece, and having a silver mirror at the focus of the object- 
glasa An image of the object-glass of the observing telescope is thrown by the rays 
from the source of light upon the silver mirror, whence the light is reflected back to 
the observing telescope. Now the quantity c^ light which is reflected back iiito the 
observing teleacope depends laigely upon the accuracy of focus of the reflecting colli- 
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mator. If, then, the object-glass be not accurately achromatised the one reflector may 
be focnssed accurately for blue rays and the other for red rays. Thus we should have 
one star intrinsically redder than the other. In consequence of these considerations, 
we used, whenever we noticed a difference in colour, to mention the fact, in order that 
this cause of inaccuracy in the observation might be taken account of. We did not 
take particular notice which star was red and which blue, though we sometimes noted 
the fact. We had no idea that any information might be gained by always noticing 
which star was red and which one blue. 

On different days the distinctness and steadiness of the stars varied enormously. 
The days when the stars were steady and distinct were the days on which we got 
the best observations, and felt most certainty about the exact speeds which produced 
equality in the two stars, except that it was often on these days that the difference in 
colour troubled us most. 

On the 11th February, 1881, we were making the regular observations for determin- 
ing the speed of revolution of the toothed wheel required to give the 1 2th, 1 3th, and 
14th equalities, corresponding to speeds of about 410, 450, and 490 revolutions a 
second. These speeds were obtained by using three, four, or five weights to drive the 

mechanism. The observations in the observing book are numbered from 1 upwards. 

. 

The following observations, 1 to 5, were taken between 9.30 a.m. and 9.50 a.m. The 
remarks are extracted from the observing book, and were written at the time, an entry 
being made after each observation. 

" February 11, 1881. — Splendid morning. A and B very bright and steady. If 
anything, A is greater than B. 

I. — Three weights. B increasing with increase of speed. B reddish, A bluish (?). 

2. — Four weights. A increasing „ „ „ A „ B „ 

3. — Five weights. B increasing „ „ „ B „ A „ 

4. — Four weights. A increasing „ „ „ A „ B „ 

M nn * 1 J T> * * T> A 



t. — rourweiguLs. ^ mcreasmg „ 

i. — Three weights. B increasing „ 

(Not a very good observation. 



B .. A 



)" 

. The mark (?) expressing doubt about the colour in the first observation was inserted 
after the second observation had been made, and was so inserted because they seemed 
to be antagonistic. 

When the observations numbered 6 and 7 respectively were being taken at 
10.55 A.M., the following remark is entered in the observing book: "The same 
phenomenon as above." This refers to the colours. 

A number of trials were then made at different speeds (in which no use was made 
of the chronograph) to examine still further this remarkable phenomenon, and the 
following statement is made in the observing book : — " Always the light which is 
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increasing with respect to the other, with increase of velocity [of the toothed wheel], 
appears red ; and the other one blue." The words in square brackets are not in the 
original, and are inserted here to make the statement clearer. 

These observations clearly proved to us that the colour which we had often observed 
was not always due to the adjustment of the distant reflectors. For here sometimes 
the one and sometimes the other was the red one. At each successive equality 
{e.g., the 11th and 12th, the 12th and 13th, &c.) the colours of A and B are reversed. 

Since February 1 1 there certainly have been many days when the colour-diflTerences 
were not perceptible. It may perhaps have been because the stars were not steady or 
were flickering or indistinct. On these occasions the atmospheric refraction disturbs 
the course of the rays, so that the teeth of the wheel being extremely minute, a ray of 
light which, if there were no irregular atmospheric refraction, would not reach the 
reflector, does so under these circumstances. In such a case the stars do not alter 
their intensities, with change of speed of the toothed wheel, so regularly as they do 
when the atmosphere is not unequally heated and disturbed. 

The general result however was established by the observations on February 11, 
1881, but it is not a common observation. 

Explanation of tlie colours perceived in the return light. 

The simplest explanation which can be given of these phenomena, and the only 
explanation which seems to be capable of standing all kinds of tests, is that the 
different colours travel with different velocities, the more refrangible rays, or those with 
shortest wave-length, travelling quickest. If this were the cajse we should be forced 
to alter our diagram indicating the intensities of A and B. We should have as many 
curves of intensity for each of the two stars of light as there are colours in the light 
we are employing. Let us examine only two of these colours (red and blue for 
example). If the red light travel slower than the blue a smaller velocity is required 
to produce an eclipse with red light and with blue. For this reason the curve repre- 
senting intensity in terras of speed of rotation for red liglit will have its maxima and 
minima lagging gradually more and more behind those for the blue light. We are in 
general dealing only with the speeds of rotation which produce the 12th, 13th, and 
14th equalities ; and during that small variation in speed the lines for red and for blue 
light may, for purposes of illustration, be drawn sensibly parallel. The curves for the 
two stars A and B would then be shown approximately by the following diagram, in 
which dotted lines represent red light, and full Unes blue light. Here we notice that 
at X the light of A is diminishing with increase of speed, and the abscissa correspond- 
ing to blue light is greater than that corresponding to red light. Hence, when the 
intensity is diminishing with increase of speed the star should have a blue tinge. But 
at y the light of A is increasing with increase of speed, and the abscissa corresponding 
to red light is greater than that corresponding to blue light. Hence, when the 
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intensity is increasing with increase of speed the sta7- shotdd have a red tinge. 
Observation confirms these statements Hence tlie observations can be explained on 
the assumption that blue light travels quicker than i-ed liglit. 




The analytical expression of this result is quite simple. ^ 2 and 3 of the mathe- 
matical theory give the following values for the intensities of red and violet light 
(indicated by the suffixes B and V) : 

fl.=f{2(l-«)-,,+^} 
1. Light increasing with increase of speed -^ 

But if the velocity for violet is greater than for red light, Ny is greater than N^, 
and hence Is is greater tlian Iv in the even phases, and the return light will appear 
tinged with red. 



2. Light diminishing with increase of speed 



I.= f{2(l-«)+,,-l-^} 



Here, on the other hand, if Ny be greater than Nh, we have ly greater than 1b, and 
the return light will be tuiged with blue, in the odd phasea 

First measurements of' the difference in velocity of red and white light. 

While we were quite prepared to examine eveiy possible source of error in tliese 
new and unexpected conclusions, we considered it to be of first importance to attempt 
to get, even in a rough manner, some actual measurements of the difference in velocity 
of red and blue light, on the assumption that such a difference is the explanation of 
our results. From the above figure it will be seen that the speed of rotation necessary 
to give equality of lights must always be greater for blue than for red light. It 
is also clear that the difference in speed of rotation for red and for blue light hears 
the same relation to the absolute speed of rotation for eiUier of those colours as the 
difi'erence in velocity between niys of ted and blue light bears to the absolute velocity 
2 N 2 
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of that colour.* The same thing will hold, though to a less extent, on comparing red 
and white light. Our only means at hand on February 1 1 was to determine the speed 
which produced an equality (l) in the ordinary way with the whit^ light of the electric 
lamp, and (2) with the eye screened by a piece of ruby red glass. 

The observations made with this object on February 1 1 are named in the observing 
book No. 13 (white), No. 13 (red). No. 14 (white), and No. 14 (red). 

They were not very satis&ctory, for the differences found between the velocities of 

red and wliite light were smalL The observations No. 13 were at the speed producing 

the 13th equality. The observations No. 14 were at the speed producing the 14th 

equality. The speeds of rotation finally deduced from the chronograph records were 

as follows : — t 

Difference. 

Observation No. 13 (red) speed of rotation 456''*84l .^.j. 

No. 13 (white) .. ,. 46(K-98J 



99 



No. 14 (red) speed of rotation 494*^-851 ^,.5^ 

No. 14 (white) „ „ 496^42 J 



Difference of velocity (red and white) _ J '90 per cent, from No. 13 
Absolute velocity (white) I '32 „ „ No. 14 

These differences are small; but on the whole they indicate a greater speed for 
white than for red light. But these differences might be suspected to be due to 
irr^ularities in the action of the chronograph. The general result seemed to be that 
we must obtain a greater difference in speed by choosing two colours of light, differing 
considerably in wave-length, and that we might with advantage discard the chrono- 
graph as an absolute measurer of speeds, and adopt some more delicate means of 
measuring minute differences of speed. 

Great difficulty was found in obtaining a blue medium which would sufficiently stop 
out the red rays. The ordinary blue glass, coloured with cobalt, allows large quantities 
of red light to pasa We tried eight or nine solutions, which we put into glass cells 
with parallel sides and tested with a prism. We found that a nitrate of copper 
solution gave the least quantity of red. 

* § 4 of the mathematical theory' gives ns the value of h for the r^ equality for red light, vit.y 

„ _ {-2(l-»)(l-/>)+r(l+/>)}N^N, _ N^y, 

velocity of violet light , . * . « . ,. 1 . ^t , -m- « !*• 1. <• * 

If now <r= — j — r- — f yed r ht ^^ notice that for violet light Nj^ and Nb must be muJtiphed bj *. 

Thus we have _ ^a^b _ 

— ^<r 
Wr 

«v— Mr _ difference of velocities for red and violet 
*^ u» =" velocity of red light Q. B. D. 

t The observations and reductions are in the hands of the Bojal Sodetj. 
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First differential observations for red and Hue light. 

After February 11 we never had a clear day or night to continue our research 
until the 2l8t of the montL We then made observations in the following manner: — 
A thick piece of indiarubber tubing was attached to the top of the pulley which sup- 
ports the weights driving the toothed wheel. At its upper end it was attached to a 
string, which, passing over a fixed pulley, was held by the observer. The observer 
adjusted the driving weights so as to be a little in excess of what was required to 
produce equality of the lights. He then fixed the string tightly, and as the weights 
descended, the indiarubber was stretched, and diminished the efiective driving weight. 
In this way a beautifully gradual diminution of velocity was obtained, accompanied by 
as beautifully gradual an increase and decrease in the brightness of the two stars 
respectively. Our plan was to place the blue solution between the lamp and the 
diagonal reflector. When equality of lights was attained the observer said " Stop " 
to the assistant, who then commenced to coimt seconds on the dock. At the same 
time the blue solution was replaced by a piece of ruby glass. When equality of red 
lights was attained the observer again said "Stop." The interval of time was then 
noted in the observing book. Our intention was to measure by means of the chrono- 
graph, at our leisure, the diminution in velocity produced by the action of the 
indiarubber during a given number of seconds. 

Alongside of each observation we entered in the observing book the weights we 
used. But in the observations of February 21 these were nearly always the same, 
and it was always the 12th equality which was observed, being a speed of about 400 
revolutions a second. It wiU nevertheless be well here to tabulate the names of the 
weights employed and their absolute weights, as reference is frequently made in the 
observing book to them. We usually had one large lead weight to begin with, and 
this was the one used when one lead weight is spoken of. It weighed 56 lbs. We 
had two other lead weights which might be added, each weighing 12 lbs. 2 oz. We 
had five iron weights, each weighing 10 lbs. 7 oz. These were generally supported by an 
additional iron hook weighing 1 lb. 11 oz. Smaller weights, two of which were called 
a and 6, each weighing about 1 lb., and others weighing a few oimces, were used as well. 
The length of the indiarubber tubing which we generally, if not always, used was 
10^ inches when imstretched. It lengthens 3 uiches with the addition of 1 lb. weight. 

With one lead weight (56 lbs.) the fall of the weight when driving the mechanism is 
1 inch in 7 seconds. 

With three lead weights, one iron weight and hook (92 lbs. 7 oz.), the fall is 1 inch 
in 5 '3 seconds. 

[N.B. — It must be remembered that the effective weight is half of the actual weight 
owing to the action of the pulley.] 

On February 21 eight observations were made in the manner described above. A 
little practice was required to get accustomed to the method of observation, but after 
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a few trials the results were wonderfully accordant. The following extract from the 
observing book contains all the observations made upon that day : — 

" February 21. — No. 1. At 5.30 P.3L Two lead weights and a. Blue to reil — inlerx; J 
= 28 second&" 



The following were between 7 and 8 p.m. : — 

" No. 2. Two lead weights and a + hook 
" No. 3. Weights as before . . . 



" No. 4. 

•'No. 5. 
" No. 6. 
" No. 7. 
" No. 8. 



99 



9i 



9> 



>} 



>> 



9* 



>» 



>> 



>> 



» 
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Interval =9^ seconds. 

Interval =20 seconds. 

Interval =24 seconds. 

Interval =45 seconds. 

Interval =20^ seconds. Very good« 

Interval =20 seconds. 

Interval =21 seconds." 



The following remark is added : — 

*' During the whole of to-day — while trying different methods to detect the differ- 
ence in velocity of different coloured rays — I have at every step been struck by the 
enormous difterence that exists. It is easy to get a velocity for which A is greater 
for blue light while B is greater for red hght. Sometimes, when A and B are equal 
for blue, A or B is almost invisible for red, and the other at [near ?] its maximum." 

On the evening of February 21 chronograph measurements were made to determine 
the loss of speed after the indiarubber had been in action for some definite interval of 
time. The interval adopted was about 18 seconds. The observations and reductions 
are in the hands of the Royal Society. The results of fom- such determinations are as 
follows : — 





No. 1. 


No. 2. 


No. 3. ; No. 4. 


Rovolutiomt per second — 

At beginning of observation . . 
At end ^ )» * * 


487'^-22 
480'"28 


514-77 
499'-64 


502'-33 
491'-45 


1 

502'-33 ■ 
496^-60 


Diminution of speed in 18 seconds . . 
„ „ 1 second . . 


G'-94 
(K-38 


13"- 13 
0''73 


l(K-88 
0^-60 


4-73 



Average . . . . =0*49 revolution per second. 

Although these measurements vary a little amongst each other, they give us 
sufficiently well a rough knowledge of the rate at which the indiarubber reduces the 
speed. 

The average interval of time between the equality of red and blue lights was 235 
seconds. This multiplied by 0*49 gives us a difference of 11*5 revolutions a second, 
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or about 2*82 per cent of the speed producing equality of white light (410 revolutions 
per second). 

It appears then from these experiments that the difference in velocity of red and 
blue lights is about 2*82 per cent, of the total velocity of light. 

The eight separate observations give the following values: 3*36, 1'14, 2*40, 2*88, 
5-40, 2-46, 2-40, 2*52. 

On February 23 a red solution was substituted for the ruby red glass, as it allowed 
fewer of the more refrangible rays to pass. In these experiments the chronograph 
was used directly ; the velocity of rotation of the toothed wheel being reduced as 
before by means of the indiarubber tubing. 

The observation book contains the following entry : — 

" Lights very bright. A greater than B decidedly. Observations perfectly satis- 
factory. Interval between first and second signals [those for blue and red lights] 
about 20 seconds. Whole set [four observations] completed in 10 minutes. Atmosphere 
very clear all the time. 

" No. 1. A increasing with increase of speed. Blue light. (When blue lights were 
equal, on changing to red light, A was far too bright.) 

" No. 2. A increasing with increase of speed. Red light. 

" No. 3. B „ „ „ „ Blue light. 

" No. 4. B „ „ „ „ Red light." 

The chronograph was used this day in a different manner to that usually adopted. 
Contrary to our expectation, the result was not satisfactory, and we do not think that 
the speeds obtained can be relied upon. We can only say therefore to-day that the 
general effect was the same as before. The defect we allude to is probably due to a 
small mistake in counting the nimiber of pen marks in a certain space upon the 
chronograph cylmder. The readings of the chronograph and the reductions are, 
however, in the hands of the B>oyal Society. 

Exceptioiml observation. 

On February 24, 10 p.m., the following entiy was made: — "Tried two speeds. 
(1) A increasing with increase of speed, (2) B increasing. Used red and blue lights. 
There seemed to be a decided tendency for red to require a greater velocity than blue, 
to produce equality. This is contrary to all our previous experience. A was 
decidedly brighter than B, but both were tolerably steady and bright." 

A few minutes later the following observation was made :— 

" With white light. 

" A blue, B red. Increase of speed increases brightness of A. [This is contrary to 
previous experience.] This was with speed about 440. 
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"A blue, B red. Increase of speed increases brightness of B. [This is in accord- 
ance with previous experience.] This was with speed about 400. 

" It seems then that to-night A is intrinsically bluer than B, owing probably to 
adjustment of focus. But wUl this explain all V 

Let us see now what would be the effect of A being intrinsically bluer than B. 
The following figure represents such a case on the supposition that blue and red light 
travel with the same velocity, and that A is deficient in red light. FuU lines 
represent blue light, and dotted lines red. These coincide for B. 

Fig. 4. 




The result is clear that at different successive phases the blue and red rays 
alternately require a greater speed of rotation to produce equality of lights. But 
this does not in the least represent the results of our observations. 

The following diagram illustrates the case where A is deficient in red light, on the 
assumption that blue rays travel quickest. 

Fig. 5. 




The maxima of A and B with different speeds are indicated by the letters A, B. 
The red is shown to reach its maximum before the blue. The red in A is shown to 
have a smaller maximum than the red in B. The intersections of the full and dotted 
lines represent the speeds producing equality of the blue and red rays respectively. 
Here 8y is almost nil, whereas 8x is too great. Hence, if we observe only at one 
speed, we may get far too great or far too small a difference between the velocities of 
red and blue light. 

The mean of Sy and Sx is (nearly) that due to the difference in velocity of red and 
blue rays. 

[N.B. — Our observations on Februaiy 23 were taken at the 12th and at the 13th 
equalities, so that this cause of uncertainty is eliminated.] 
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On February 25, 1881, 4 p.m., B was greater than A. A was bluish compared 
with B when the toothed wheel was removed. Three observations were made, but 
they show no decided difference between 8x and 8y. The indiarubber was used as 
before. 

No. 1. 12th equality of lights Blue-red =2 '5 seconds. 

No. 2. 13th „ „ „ „ =4-0 „ 

No. 3. (at 5-30 p.m.) 12th equaUty of light . „ „ =6*0 „ 

Now the loss of speed caused by the indiarubber in one second is 0*49 revolution 
per second. The 12th equality is at a speed of about 420 revolutions a second ; and 
the 13th equality about 460 revolutions a second. From these we get the difference 
between the velocity for red and for blue light, in percentages of the whole, as 
follows : — 

From No. 1 we have 0*29 per cent. 
„ No. 2 „ 0-43 
„ No. 3 „ 070 

On February 27, between noon and 1 p.m., measiurements were made in the usual 
way with the mdiarubber, which was a most convenient method of working at different 
speeds : — 

No. 1. 12th equality Blue-red =11 seconds. 

No. 2. 13th „ „ „ =11^ » 

(In this observation the indiarubber did not seem to act well after the blue equality). 
The observations were continued at 4 p.m. at various speeds and slower than those 
we had previously experimented upon : — 



No. 3. 9th equality Blue-red 

No. 4. 10th 

No. 5. 9th 

No. 6. 10th 

No. 7. 10th 

No. 8. 11th 



j> 



)) 



>> 



99 



9*0 seconds. 
15-5 
16-5 
11-0 
14-0 

9-5 



The following remarks are appended : — 

" Observations from 3 to 8, lights splendidly steady and equal. The difference in 
velocity for red and blue most striking. A and B are precisely the same colour. Both 
A and B looked like clearly defined circles with no diffraction phenomena. This is 
very uncommon, and the observations are therefore valuable." 

On the same day some more chronographic measiu-ements were made to detennine 
the reduction in speed per second of time produced by the indiarubber, at the speeds 
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of the 10th and 11th equalities. The reductions, are in the hands of the Royal Society, 
and they gave us — 

10th equality . . 0*34 revolutions per second diminution in 1 second. 
11th ,, . . 0-29 



9th 



99 



9> 



0-31 



99 



99 



99 



>9 



>» 



»> 



Reducing the first and second observations as before, allowing for a diminution of 
speed of 0*49 revolution a second, per second — 



From No. 1 we have 



>> 



No. 2 



>> 



•49X11X100 
420 

•49X11-5X100 
460 



= 1 -28 per cent. 



= 1-22 



» 



Chronograph records were afterwards taken at about the speeds of the 9th, 1 0th, and 
11th equalities, and the speeds read off at intervals of about 8 or 10 seconds. Thus 
we obtained the percentage loss of speed in one second. Reducing the observations 
of this day we have — 

^, ^ ^ , ,.. difference of velocity (blue and red) , ^, 

No. 3. 9tn equality; r-pj — p-^r ^=171 per cent. 



No. 4. 10th 
No. 5. 9th 
No 6. 10th 
No. 7. 10th 
No. 8. nth 



>> 



99 



» 



99 



99 



= 1-55 
=314 
= 1^10 
= 1-40 
=0-68 



Mean of the day's obeervations=:1^5l 



March 1, 1881. — In the interval between February 27 and March 1 we removed the 
wedge under the toothed wheel and brought the mechanism into an upright position. 
Seeing that the solutions which we had hitherto used to produce our colours allowed 
colours of very different refrangibilities to pass, we thought it would be satisfactory to 
try the effect of pure prismatic colours. To do this we mounted a bisulphide of carbon 
bottle-prism in front of the condenser and succeeded in throwing a pure spectrum upon 
the toothed wheel. The distance traversed by the rays from the prism to the toothed 
wheel was 24^ inches. The electric lamp was mounted upon rollers so that we could 
easily move it to change the colours. A motion of only about ^inch of the spectrum 
changed the colour of the stars from blue to red. This was a very convenient and 
pleasant method of working. The indiarubber was used as before. The following 
remarks are extracted from the observing book : — 

"Reduced velocity by stretched indiarubber. Used prism for colours. Deflection 
of spectrum in inches given below [this was measured approximately by our assistant]. 
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''No. 1. Green to orange. . . |-inch, 12 '5 seconds, 12th equality, good 

"No. 2. Green to reddish-orange f -inch, 1 5 „ 13th „ good 

" No. 3. Blue to orange . . . -j^^-inch, 9 „ 14th „ fair 

'*No. 4. Deep blue to blood-red f-inch, 9 „ 14th „ very good. 

" This was a most successful mode of observation. Though B was much greater than 
A the equality was well determined each time.** 

In reducing these observations it is clearly impossible to take into account the exact 
refrangibiUties or wave-lengths of the colours named. The general change was from a 
slightly greenish-blue to a red tinged with orange. Reducing as before, we have — 

-,^ ^ Difference in velocity (blue and red) , ^ ^ 

No. 1. T-r-i — r-=T ^=1-35 per cent. 

total velocitv ^ 

No. 2. „ „ =1-56 „ 

No. 3. „ „ =0-90 

No. 4. „ „ =0-90 

March 8, 1 p.m. — It might, perhaps, be thought that we had now thoroughly tested 
and confirmed our first conclusions by the variety of our tests. But we were anxious 
to leave no room for doubt and to vary the tests in every possible way, and we thought 
that some advantage might be gained by changing entirely our method of altering 
the speed, so as gradually to increase it, the reverse of what we had done with the 
indiarubber. Accordingly we attached an iron crucible to the weights and led a 
thick indiarubber tube from it up to a funnel with a stop-cock, in reach of the 
observer. We filled this with mercury, and having put on such weights as were 
barely suflScient to produce equality, we turned on red light (using the prism method) 
and opened the stop-cock. So soon as equality of red lights was attained, we said 
" Stop " to the assistant, who then commenced to count seconds on the clock. Mean- 
time he had instantaneously changed the colour of the light to blua When the blue 
equality arrived we again said " Stop." He gave us the interval in seconds, and the 
deflection of the spectrum in fractions of an inch, which we entered in the observing 
book. Chronograph tests were afterwards made to measure the increase in speed 
produced in a second by the flow of mercury. This method seemed to us to be hardly 
of so great delicacy as the indiarubber method, but we felt much interest in seeing 
whether so entirely a difierent method could give results approximating to those 
obtained in the previous researches. 

The following remarks are extracted from the observing book : — 

'^ March 8, 1 p.m. — No. 1. Blue-red =16 seconds. Exact time uncertain to a few 
seconds. General effect positive " [i.e., the blue equality required a higher speed]. 
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" After blue equality turned again to red, and B was much brighter " [than A], " B 
increasing with increase of speed. Spectrum deflection about f inch." [This was the 
12th equality.] 

"No. 2. Ditto. Same in every way. Blue-red =9 seconds, f inch deflection. 

"No. 3. Same arrangements. Blue-red =5 seconds nearly. Deflection =| inch. 

"Want of oil in (1), (2), and (3) made velocity irregular. We tried one more 
observation, but the motion of the wheel seemed quite irregular, and though it gave 
the same value (16 seconds) as No. 1, we could not trust it, because on turning on red 
light again A was brightest. We now oiled the mechanism with great effect in 
steadying the motion and diminishing noise. But the lights had begun to flicker and 
we got no good observations." 

At 4 P.M. the lights improved. 

" 4 P.M. — Oiled axles. 

"No. 4. 12th equality. Blue-red =8 seconds. Deflection =1% inch; but it did 
not look so great a change of colour as usual. 

"No. 5. Same arrangements. Blue-red =10*5 seconds. Deflection ="}-J inch. 
(The change in colour looked greater.) After equaUty of blue, tried red again, B was 
far brightest. 

"No. 6. Same arrangements. Blue-red =6 seconds. Deflection =^ inch. 

"No. 7. 11th equality. Blue-red =7 seconds. Deflection =f inch. 

"No. 8. Ditto. Blue-red =6 '5 seconds. Deflection =f inch.'' 

"8.45 p.m. — No. 9. Same conditions as No. 1" [12th equality]. "Blue-red 
= 16 seconds. Deflection =| inch. 

"No. 10. Same conditions. Blue-red =23 seconds. Deflection =|inch. Speed 
varied very slowly. 

" Oiled the mechanism. 

"No. 11. Blue-red =10 seconds. Deflection =^ inch [12th equality]. 

"No. 12. Blue-red =9*5 seconds. Deflection =| inch [12th equality]. 

"No. 13. Blue-red =9 seconds. Deflection =f inch [llth equality]. 

"No. 14. Blue-red =7 seconds (good). Deflection =f inch [llth equality]." 

Reducing these results with the aid of the chronograph tests for the mercury 
method, we obtain the following 1 4 percentages for the values for 

difference of velocity of blue and red light .^^ 
mean velocity of light 

(1) 3-20 (4) 1-60 (7) 1-40 (10) 4-60 (13) I'SO 

(2) 1-80 (5) 2-10 (8) 1-30 (11) 2-00 (14) 1-40 

(3) 1-00 (6) 1-20 (9) 3-20 (12) 1-90 
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The mean of these is 2*03 per cent., giving a result which confirms in a satisfactory 
manner the results arrived at by the other methods. 

April 26 and 27. — After an absence of a month from Kelly we again tested the 
colour effect on April 26 and 27. We used wheels with 250 teeth and with 400 
teeth, bright and smoked, upright and inclined. We ascertained the fact that blue 
light required the greater velocity of rotation to produce equality ; but we did not 
make any actual measurements. We were unable to detect the successive phases of 
colour which were observed on February 1 1 . 

By collecting results of all the observations on the effect of colour on velocity we 
shall be able to judge of the general effect : — 

February -11. — ^The star which was increasing with increase of speed was red ; the 
star which was waning with increase of speed was blue. 

The percentage difference of red and white light, two observations, 0*90 and 0*32. 

Fehruaiy 21. — Ruby-red glass and blue copper solution. Speed diminished 
gradually by indiarubber. Eight observations — 

(1) 3-36 (3) 2-40 (5) 5-40 (7) 2*40 

(2) 1-14 (4) 2-88 (G) 2*46 (8) 2*52 

Mean percentage difference =2 '8 2. 

February 23. — Red solution and blue solution. Direct measurements of the change 
of velocity. Two observations at different speeds — 

(1) 1-96 (2) 0-36 

Mean percentage difference =ri6. 

Febimary 24. — The effect seemed to be of the opposite kind to that hitherto 
obtained. 

February 25. — Red and blue solutions. Indiarubber method. Three observations — 

(1) 0-29 (2) 0-43 (3) 070 

Mean percentage difference =0*47. 

February 27. — Red and blue solutions. Indiarubber method. Eight observations — 

(1) 1-28 (3) 171 (5) 3-14 (7) 1'40 

(2) 1-22 (4) 1-55 (6) MO (8) 0-68 

Mean percentage difference =1'51. 

March 1. — Pure spectrum thrown by bisulphide of carbon prism upon the toothed 
wheel. Blue and red parts of the spectrum used in succession* Indiarubber method* 
Four observations — 

(1) 1-35 (2) 1-56 (3) 0-90 (4) 0*90 

Mean percentage difference =1'17. 
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March 8. — Spectrum used for colour. Mercury used to increase speed gradually. 
Fourteen observ^ations — 



(1) 3-20 

(2) 1-80 

(3) 100 



(4) 1-60 (7) 1-40 

(5) 210 (8) 1-30 

(6) 1-20 (9) 3-20 

Mean percentage =2*03. 



(10) 4-60 

(11) 200 

(12) 1-90 



(13) 1-80 

(14) 1-40 



Tabular statement of percentage differences in the velocity of red and of blue light 

February 21. tFebmary 28. Febnury 24. February 25. February 27. March 1. March 8. April 26. AprO 27. 

ill ' i I 



+3-36 
1-14 
2-40 
2-88 
5-40 
2-46 
2-40 
2-52 



Mean + 2*82 









+ ... 



+0-29 


-fl-28 


+ 1-35 


+ 3-20 


0-43 


1-22 


1-56 


1-80 


070 


171 


0-90 


1-00 




1-55 


0-90 


1-60 




314 




210 




110 




1-20 




1-40 




1-40 




0-68 




1-30 
3-20 
1 460 
2-00 
1-90 
1-80 
1-40 



+ 0-47 I +1-51 +1-17 ! +203 



^ 


^ 
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General mean of 37 observations =1*8. 



il 



•I 

■ 



We cannot account for the apparently negative effect obtained on February 24. 
But when we consider that it was only for a short time that the observations were 
attempted, and that the appearance of a negative effect was extremely feeble (almost 
doubtful), and that in so delicate an observation the state of our health might affect 
the sensitiveness of our appreciation of colour effects, and that on other days the 
positive effect was most marked and indubitable, as recorded in numerous passages in 
our observing book, and quoted above, — when we consider all these things we cannot 
place this single dubious night's evidence in opposition to the overwhelming testimony 
of so many positive observations. It was too much to expect that we should be able 
in the first instance to measure, by the differential methods described above, the 
difference produced by a given difference of wave-length with veiy great precision. 
But there seems little room for doubt that the general mean of these 37 observations 
cannot be far from the truth, and we may aflBrm that when the wave-length changes 
from about X=50 tenth-metres to about X=60 tenth-metres, the velocity changes 
about 1*8 per cent., or in any case somewhat over 1 per cent. 
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Let us now consider some of the effects which must follow from these results. 

Refraction and dispersion. — There is nothing in the undulatory theory of light, 
independent of oiu* views as to the kind of force acting in the ether, which is opposed 
to the view that red and blue lights travel with different velocities in vacuo. We 
know that the ratios of the velocities of i-ed or blue lights, in a refracting medium 
and in vacuo, are equal to their refractive indices. But the theory of refraction or 
dispersion tells us nothing about the ratio of the velocities of red and blue lights 
either in vacuo or in refracting media. 

Interference and diffraction. — So with the phenomena of interference and diffrac- 
tion, which give us a measure of the wave-length of the different colours. If we could 
measure the period of vibration of the different colours, this would show us the 
difference in velocity in the different colours. But our knowledge of the period of 
vibration is dependent on the velocity of light, and these phenomena give us no 
information upon the phenomena we are discussing. 

Experiments of Cornu and Michelson. — Why did not these experimenters notice 
the effect of colour ? First, consider the work of Cornu. We might expect that he 
should have seen colours in his star of light near the eclipses. But when we have a 
very feeble light changing its intensity it is very difficult to appreciate differences in 
colour, and he had no light for comparison as we had. He depended largely for the 
accuracy of his results on two facts : (1) that he took a mean of 546 pairs of observa- 
tions, so reducing the probable error to one twenty-third part of that of a single pau- 
of observations, and (2) that he used eclipses as high as the 2 1st eclipse, which reduces 
the personal error of the eye observation to one forty-first part. We may add that 
he had five phases (which he calls U, u, V, v, and p) differing slightly, and he had 
considerable latitude in placing any single observation in one or other of these phases. 
We may also add that into each set of observations he introduced what he called 
" rectifications probables," which assisted to eliminate discordances. 

If, however, we examine his non-rectified results, and classify them according to the 
source of light used, we shall, we believe, obtain confirmation of our views. 

Neglecting the small correction depending upon the phase (U+u or V+v) we 
have the following results : — 



Sooree of light 



Petroleum . . 
Sun near horizon 
Lime light . . 



N amber of 
observatioDft. 




Approximate 
Telocity. 



KilomB. 
298,776 
300,242 
300,290 



Compare this with the absolute determinations given on p. 270. 
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Ufoal eoarce of ligbL Velorftj. 



MiCHELSOK . . . . Sun near horizon . .♦ 2^j,9i() 

CoBjn: Lime light . . . . ( 3«X»,400 

YorxG and Forbes . Electric light - . . : 301.382 

f 

In eveiy case the more re&angible the mean colour of the source of light the greater 
IB the velocity. 

In Michjeuson's observations the image of the slit was described as indistinct 
and covering a sensible space. From ovu: results it would appear that the width of his 
spectrum between mean red and blue would be about 2 millims. But it would be a 
very impure spectrum, and it is only by employing absorptive media, or part of a pure 
spectrum, to give colour to the light used, that we should expect him to detect the 
difference. 

Solar eclipses and occultations. — We might expect that the sun or a star on dis- 
appearing behind the moon would appear to be red, and on reappearing would first 
j9ash out blue. But light takes only 1^ second to come from the moon and the one- 
fiftieth or one-hundredth part of this is too smaU an interval of tijiie for us to have 
any hopes in this direction. 

Eclipses of Jupiter's satellites. — There must be a difference in time between the 
disappearance or reappearance of the blue or red parts of the light of a satellite, 
amounting to about half a minute. But the change is so gradual and the light when 
near eclipse so feeble that we fear this would be a very difficult determination. 

Ahenxition. — A star exposed fully to the action of aberration must be drawn out 
into a spectrum parallel to the direction of the earth s motion. The length of the 
spectrum between the mean red and blue must be about 0'''36. It is possible that 
with a reflector of good definition this effect might be detected. 

Temporary stars. — The mean light from the nearest star whose parallax is known 
takes 3^ years to reach the earth. The difference in time taken by the blue and red 
rays to reach us must be 13 days. The star T Corona flashed out suddenly in 1866. 
It was first seen on May 9, and there seems to be good evidence to show that it was 
not conspicuous a weak earlier. On May 9 it was of the second magnitude, and it 
diminished in brightness for some days at the rate of a magnitude a day. On the 
12th May it was examined by Dr. Huggins with a spectroscope and showed bright 
lines in very different parts of the spectrum. This is somewhat contrary to what we 
should have expected. But we are not aware that the evidence for the identity of 
the temporary star and the small one known to be in that position is irresistible, nor 
do we know that the parallax of that small star has been very carefully studied, nor is 
the evidence as to the invisibility of the star at the beginning of the month conclusive. 

Variable stars. — When a variable star brightens the first colour to reach us in 
increased intensity should be blue, and when it fades the last colour to cease shining 
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in full splendour should be red. If we could determine the difference in time between 
the time of maximum for blue and for red rays, the present research would enable us 
to determine approximately the distance of the star from us. 

Variable stars are certainly known to change colour; but the only reference to a 
systematic law in this connexion which we have ever come upon is in Webb's 
* Celestial Objects for Common Telescopes/ where (Edition II. (1866), p. 208) the 
following remarkable passage occurs : — 

" Hind thinks several variable stars increase blue, are yellow after maximum, and 
flash red in decreasing.'* 

This is in exact accordance with the results of the present research. 

We have applied to Mr. Hind for details of his observations. He informs us that 
the remark quoted by Webb was made in a letter to the " Times," some twenty-six 
years since, on the occasion of notifying a newly discovered variable. He does not, 
however, feel justified in now advising us to place reliance on this as a law. 

It appears, then, that our conclusions as to the relation between colour and velocity 
must for the present rest upon the merit of our observations. We have ourselves no 
hesitation in saying that the effects were so striking and so decided on the greatest 
number of occasions, that we ourselves have no doubt as to the general conclusion. 
But we admit that much is still left to be done in the way of absolute determinations. 
There is little doubt that a further investigation into the matter would help to a 
further knowledge of the properties of the ether (if there be such a substance). Tliis 
end would be specially aided by an exact determination of the law of dependence of 
velocity upon wave-length. We believe that, with certain improvements in our 
apparatus, in a better climate, this determination might be completed.* 



* The details of our obseryationR on the dependence of velocity on colour are deposited with the Bojal 
Society. 
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§. 1. Introdux^tion. 

The experimental researches of Bumford and Leslie raised the subject of Badiant 
Heat to an extraordinary pitch of interest and importance. Both of these philosophers 
occupied themselves with what may be called superficial emission and absorption. 

Melloni is to be regarded as the founder of our knowledge of the transmission of 
radiant heat through solids and liquids. Save in a passing inference, to be noticed 
inunediately, Melloni left untouched the gaseous form of matter ; thinking, probably, 
that gases and vapours, though their diathermancy could hardly be supposed theo- 
retically perfect, came in this respect so near perfection as to be placed beyond the f 
grasp of laboratory experiment. It was doubtless the general prevalence of this con- 
viction which caused this field of inquiry to lie fisdlow for so many years after the 
discovery of the thermo-electric pile. 

By an experimental arrangement characteristic of the genius of the man, though, it 
may be, not quite equal to the requirements of the problem, Melloni proved that the 
law of inverse squares held good for radiant heat in air, and from this he inferred the 
absence of all sensible absorption, by air, within the distance embraced by his experi- 

' * The substance of this paper was delivered orally as the Bakerian Lecture on November 24, 1881. 

2 P 2 
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ments^. )Iello!>i ezteuded to radiatioD his conclusioa regarding absoipti^sL " Oi 
ne conDait," he writes, " aucuD fait qui d^moDtre directement )e pouvoir enaasz des 
fluides ^lastiques purs et transparents."* Such was Meli/jni's relation to the S3tr.=c: 
DOW before us. 

In 1955 Dr. Fbanz of Berlin published a paper " On the Diathermancr of oen&in 
gases and coloured liquids."^ He found that air contained in tubes 452 and fiC"? 
miUimeters long, absorbed 3'54 of the radiation from an Abga^'d lamp, and be coil:- 
cluded that all transparent gases would behave like air. I have given reasons ?:.r 
holding that Dr. Franz in these experiments did not touch the question in haz^S 
III the arrangement which he describes, the absorption by air was quite in5«D£rE>ie. 
But 60 per cent, of the radiation from his powerful source was lodged in the glass eaas 
of his tubes ; these, as secondary sources, radiated directly and indirectly against his 
pile, and it was their chilling by the cold air that slightly lowered his deflection and 
produced the supposed absorption. 

It is not improbable that other attempts were made to bring gaseous matter under 
the dominion of experiment ; but none to my knowledge are recorded. 

§. 2. Partial Summary of previous work. 

My researches on magne-crystallic action carried with them the incessant use of 
conceptions and reasonings touching molecular constitution and arrangement. At 
an early period of these studies it occurred to me that heat, both in its radiant 
Hnd in its ordinary thermometric Ibrm, might be turned to good account as an 
explorer of molecular condition. The first fruit of this idea was a paper " On Mole* 
cular Influences,'!! 'i which it was shown that wood possesses three axes of calorific 
conduction coincident with the axes of elasticity discovered by Savabt. Experiments 
on certain crystals recorded in this paper suggested a possible connexion between 
diathermancy and conductivity, and in 1853 I worked at this question. The sub- 
stances then submitted to experiment were rock crystal, amethyst, topaz, beryl, rock- 
salt, smoky quartz, fluor spar, tourmaline, Iceland spar, dichroite, arragonite. heavy 
sjKir, flint, and glass of various kinds. These minerals were employed in the shape of 
cubes carefully cut and polished, the transmission through each of them, in different 
directions, both of radiant and conducted heat being detemuDed. 

A desire for completeness, not then attained, caused me to postpone, and finally to 
forego the publication of the results of this inquiry. It, however, kept alive reflections 

* " Pour nn intervalle de cinq 4 six toetres, I'air n'exerce ancnne abanrption sensible pour 1e rayoiine- 
ment dea corps chauds," ' La Thermochrose,* p. 136. 

t Annales de Chimie et de Pbyaiqiie, vol. xxii., p. 494. 

* PooGENHOKfK'B Annalcn, vol xdv., p. 337, 

§ Philosophical TranHactione, 1861, Yul. 151, p. 27, and elsewhere. 
!! Ibid., 1853, Vol. 143, p. 217. 
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on the influence of molecular constitution on the phenomena of radiation and absorp- 
tion. Encountered continually by the thought that in liquids and solids the pure 
molecular action was, or might be, hampered by cohesion, the desire to bring, if possible, 
free molecules under the dominion of experiment beset me more and more. 

At the begimiing of 1859 I definitely attacked this problem, meeting at the outset 
difficulties and negations the reverse of encouraging. But after some weeks of labour, 
I found myself in secure possession of the result that gases and vapours exhibited, in 
relation to radiant heat, phenomena far more surprising than those observed by 
Melloni in liquids and solids. On the 26th of May 1859 the subject was brought 
before the Royal Society,* and on the 1 th of June I was able, by illuminating the 
dial of a galvanometer and casting its image upon a screen, to demonstrate in the 
Royal Institution not only the fact of absorption, but the astonishing differences of 
absorption which gases and vapours equally transparent to light manifested in regard 
to radiant heat.t 

The following gases and vapours were then examined: — ^Air, oxygen, hydrogen, 
nitrogen, carbonic oxide, carbonic acid, nitrous oxide, coal gas, ammonia^ defiant gas, 
bisulphide of carbon, chloroform, benzol, iodide of ethyl, cyanide of ethyl, formate of 
ethyl, acetate of ethyl, propionate of ethyl, iodide of amyl, chloride of amyl, amyline, 
absolute alcohol, amylic alcohol, methylic alcohol, ethylic ether, ethylamylic ether, 
sulphuric ether, and some others. In the Philosophical Magazine for 1862 I have 
given samples of the results obtained with a few of these substances ; and I will here 
confine myself to the remark that were the measurements there recorded multiplied a 
hundred-fold, they would fell far short of the number actually executed in 1859. 

With a view of compelling the feeblest gases and vapours to show, if they possessed 
it, their capacity to absorb radiant heat, the "method of compenssjtion" was invented. J 
Without prejudice to the delicacy of the galvanometer, this method enabled me to 
bring into play quantities of heat fer greater than those ever previously invoked, my 
object being so to exalt the total radiation that a minute fraction of that total should 
reveal itself to experiment. By this method not only were the feebler gases and 
vapours coerced, but the vastness of the diathermic range, if I may use the phrase, 
was established with a clearness and an evidence unattainable by any other means 

then existent. § 

Notices of the investigation having appeared in many English and continental 

* Proceedings of Bojal Society, vol. x., p. 37. 

t Proceedings of Bojal Institution, vol. iii., p. 155. 

X Philosophical Transactions, 1861, Vol. 151, pp. 6 and 7. 

§ With moderate total heats the method of compensation is extremely easj of application ; but when 
the total radiation is verj large, some discipline is required to keep the galvanometer needle steady in 
its most sensitive position. With due training, however, perfect mastery over this difficulty may be 
obtained. 
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journals,* I wan induced to defer the detailed publication of the experiments. The 
investigation itself had taught me the difficulties and dangers which beset it. These 
had reference both to the methods of experiment and to the purity of the substances 
employed. To secure the perfect constancy of the sources of heat, and the perfect 
steadiness of the galvanometer, when the flux of heat was powerful, involved a 
lengthened discipline. With neither gases nor vapours, moreover, was it easy to 
obtain uniform results. When generated in different ways, the action of the same 
gas would sometimes prove itself so discordant as to suggest to me the possible 
existence of novel allotropic conditions to accoimt for such variations of behaviour. 
Two samples, moreover, of nominally the same liquid, would furnish vapours yielding 
results far too divergent to be tolerated. The drying apparatus also contributed its 
quota of disturbance. These anomaUes were finally traced to the fact that an 
incredibly small amount of impurity derived from the stronger gases or vapours 
sufficed to disguise and falsify the action of the weaker ones. All this had to be 
learnt ; and when learnt, I thought it desirable, for the sake of accuracy, not to 
publish the results which had been gained with so much labour, but to go once 
more, with improved appliances, over the same ground. This I did ; though it 
involved the total abandonment of seven weeks' uninterrupted experimental work 
in 1859, of seven weeks* similar work in 1860, and of many fragmentary eflbrts. On 
the 10th of January, 1861, the memoir containing an account of the investigation was 
handed in to the Royal Society, t 

The first point of importance established in 1859 and developed in the memoir just 
mentioned was that ah'eady referred to ; namely, the fact of absorption, and large 
differences of absorption. The second point — destined, I think, to throw light on the 
deeper problems of molecular physics — was the proof that while elementary gases 
offered a scarcely sensible impediment to radiant heat, equally transparent compound 
gases exhibited, in many cases, an energy of absorption comparable to that of the most 
athermanous solids and liquids. Determining, for example, the action of a mechanical 
mixture of two elementary gases, it was proved that without altering either the quan- 
tity of matter, or its perfect transparency to light, the absorption of invisible heat 
might be increased many hundred-fold by the passage of the constituents of the 
mixture into a state of chemical combination. 



* ProceedingH of the Rojal Society, May 26, 1859; Proceedings of the Royal Institution, June 10, 
1861); Bib1iothi»qno Universello, July, 1869; Cosmos, vol. 16, p. 321; Nuovo Gimento, vol. 10, p. 196; 
Comptes RenduH, 1869; and in other journals. 

t Section 3 of the Bakerian Lecture for 1861 reveals some of the difficulties which beset the earlier 
stages of tlicse inquiries. To secure strength of radiation and steadiness of the needle I passed from 
source to Hource, obtaining my temperatures in turn from water, oil, fusible metal, sheets of copper 
heated by regulated flames, and from other things. Approximate results were readily obtainable ; but 
J aimed at a degree of accui-acy which would render any material retractation afterwards unnecessary. 
Soundness of work 1 thought preferable to rapidity of publication. 
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A similar deportment may be detected in liquids and solids. The quantity of 
iodine vapour generated at ordinary temperatures is so small that its actioiT on radiant 
heat is, as might be expected, insensible. But iodine itself, when Uquefied by a 
powerfiil solvent, behaves as an almost perfectly transparent body to the obscure 
calorific rays, even when it is Able to extinguish totally the light of the sun. Liquid 
bromine is also highly diathermanous. The same may be said of phosphorus. In 
Melloni's table, Sicilian sulphur comes next to rocksalt in transmissive power. A 
concentrated solution of sulphur in bisulphide of carbon exerts no sensible action on 
radiant heat. By fusing together iodine and sulphur Professor Dewar has produced 
a *'ray filter" which separates with extreme sharpness the visible from the invisible 
raya The remarkable diathermancy of certain specimens of vulcanite, brought to 
light in the experiments of Mr. Graham Bell and Mr. Preeoe, is probably due to 
the sulphur they contain. Melloni showed that lampblack is to some extent dia- 
thermanous. But when a suitable source of heat is chosen, lampblack proves far more 
pervious to radiant heat than Melloni found it to be. An opaque layer of this 
substance transmits 41 per cent, of the radiation from a hydrogen flame. Were the 
lampblack optically continuous, the transmission would, doubtless, be still greater. 
An opaque solution of iodine transmits 99 per cent, of the radiation from the same 
source, while a layer of pure water 0*07 of an inch in thickness, transmits only 2 per 
cent, of the radiation from a hydrogen flame. Such results indicate that a profound 
change in the relation of ponderable matter to the luminiferous ether accompanies the 
act of chemical combination. 

One of my principal aims in the Bakerian Lecture of 1861 was to illustrate the hold 
which experiment had obtained of a subject previously considered intractable. The 
densities of the gases and vapours employed were therefore varied within wide limits. 
Tn the experimental tube first made use of, a fiiU atmosphere of defiant gas absorbed 
more than 80 per cent, of the entire radiation, and it was therefore evident that a small 
fraction of an atmosphere of such a gas would exert a measurable action. On trial, it 
was found possible to measure the absorption of io,^oo th of an atmosphere of olefiant 
gas. The action of this gas was determined at sixteen different densities, the absorp- 
tion, as long BB the density was very small, being accurately proportional to the 
quantity of gas present. Similar experiments were made, and similar results obtained 
with other gases. The action of sulphuric ether vapour upon radiant heat was proved 
to be still more powerful than that of olefiant gas. The vapour was first carried into 
the experimental tube by a current of dry air ; and the pure vapour was afterwards 
examined at seventeen difierent densities. Bisulphide of carbon was tested at twenty 
different densities ; amylene at ten ; benzol at twenty ; and so of the others. 

Considering the views previously entertained regarding the diathermancy of gases 
and vapours I was naturally impressed with these results. Sceptical when I first 
observed them, I scrutinised them closely, until repeated scrutiny abolished every 
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doubt. For my own instruction I illustrated the action of the stronger gases and 
vapours in ^ variety of ways. Turning, for example, once rapidly round a cock con- 
necting the exhausted experimental tube with a holder containing a powerfiil gas, the 
needle would fly aside, owing to the stoppage of the heat by the infinitesimal amount 
of gas which entered the tube during the rotation. Discharging a powerful gas or 
vapour in free air, between the source of heat and the thermopile, a similar energetic 
action would be produced by the perfectly invisible agent. 

I was schooled in such actions before the thought of testing the omnipresent vapour 
of our atmosphere occurred to me. When it did occur there was in my mind no 
d priori ground for supposing that its action would prove insensible ; for why should 
I assume that too^'^ ^^ ^^ atmosphere of aqueous vapour would prove neutral, after I 
had proved a small fraction of this fraction, on the part of other gases and vapours, 
to be active ? There waa no reason for such an assumption on my part — ^nothing to 
deter me from hopefully submitting the question to experiment. I accordingly tested 
the water vapour of the atmosphere in which I worked, and found its action on a first 
trial to be thirteen times that of the air in which it was diffused. 

It is not uninstructive to compare this approach to the problem with that of a very 
distinguished man — the late Professor Magnus, of Berlin.* Subsequent to me, he 
subjected the aqueous vapour of our atmosphere to an experimental test; but he 
made the experiment under the assured conviction that his result would be negative. 
" It could," he says, " be foreseen with certainty that the small amount of aqueous 
vapour taken up by air at ordinary temperatures could exert no influence on the 
transmission." I think it must be obvious that if Magnus had gone through the 
discipline to which I had been subjected, he would not have used this language. 
His mistake however was a natural one. In fact during the earlier stages of the 
inquiry my mind was exactly in the condition of his mind — I also thinking, until 
practically instructed to the contrary, that the action of aqueous vapour at ordinary 
temperatures must be immeasurably small. It is well known that Magnus tested his 
foregone conclusion, and found it verified ; while I, on the other hand, as above stated, 
justified mine. 

The various gases which had been examined in the experimental tube with regard 
to their powers of absorption, were next tested as regards their powers of radiation. 
Columns of the heated gases were allowed to ascend in free air, and to radiate 
against the pile. In this simple way, the radiative power of "transparent elastic 
fluids " was for the first time established The order in which the gases ranged them- 
selves, in regard to radiation, was exactly the order of their absorptions. Here, as in 
other cases, I instructed myself by observing how gases might be made to play the 
part of solids. Permitting, for example, a film of one of the stronger gases to glide 

* In many respects my generous and helpful friend, but, in regard to this question, my steadfast 
antagonist for many years. 
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over a heated surface of polished silver, the radiation from that surface was augmented 
as it might have been by a coating of isinglass or lampblack. 

A surmise has been mentioned regarding new allotropic conditions, as occurring to 
me amid the perplexities of my earlier experiments. In one instance — that of electro- 
lytic oxygen — the surmise proved correct. My first experiments indicated that the 
modicum of ozone which went forward with the oxygen, exerted fovu: times the 
absorption of the gas in which it was diffused.* Subsequently, by changing the appa- 
ratus, and taking pains to augment the quantity of ozone, the multiple rose succes- 
sively from 4 to 20, 35, 47, 85, ascending finally to 136.t The behavioiu* of ozone 
was thus proved to be similar to that of molecules composed of heterogeneous atoms. 
Hence the conclusion, drawn at the time, that the molecule of ozone was formed of 
oxygen atoms so grouped as to render their action upon radiant heat virtually that 
of a compound body. This, it is needless to say, is the constitution now assigned 
to ozone. 

With the view of including corrosive gases and vapours among the number of those 
examined, and for other reasons, the brass experimental tube was displaced by a tube 
of glass of the same diameter and nearly 3 feet long. The source of heat was also 
changed from a Leslie's cube, containing boiling water, to a plate of copper against 
which a sheet of flame was permitted to play. Extraordinary precautions were found 
necessary to insure perfect steadiness on the part of the flame. With this arrange- 
ment the practical inability of the elementary gases to absorb radiant heat was further 
illustrated and confirmed. Chlorine gas and bromine vapour, for example, were 
proved to be highly diathermanous. 

At the pressure of an atmosphere it was found that the diathermic range of 
colourless gases extended from 1 to about 1000. The portion of gas first entering 
the experimental tube, having the whole heat to act upon, produced, as might be 
expected, the greatest effect, the increment of absorption, after a certain quantity ot 
gas or vapour had entered, being infinitesimal. J It was therefore interesting to 

* Philosopliical Transactions, Vol. 151, p. 8. 

t Ibid., Vol. 162, pp. 84, 86. 

X This is well illustrated bj an experiment on snlphuric ether vapour recorded in the Bakerian Lecture 

for 1861 :— 

Prenare. Abiorption. 

1 inch 214 

2 „ 282 

3 „ 316 

4 „ 330 
6 „ 330 

The absorption of air being taken as unitj, that of sulphuric ether vapour at 1 inch mercury pressure 
is here shown to be 214. When, however, vapour corresponding to a pressure of 4 inches was already in 
the experimental tube, the addition of another inch did not sensibly augment the absorption. 

MPCCCLXXXIJ. 
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compare together the various gases at very small pressures. When the pressure was 
that of 1 inch of mercury the diathermic range was greatly increased, the absorption 
by olefiant gas being then at least 6000 times the absorption by atmospheric air. 

With the changed apparatus the action of the aqueous vapour of our atmosphere 
was again taken up, and proved to be, not 13 times, as I had at first supposed, but, on 
fairly humid days, at least 60 times that of the air in which it was diffiised. When, 
moreover, dried air was caused to pass over moistened glass and then carried into the 
experimental tube, the absorption was still greater. 

A power has been claimed for mist or haze which has been denied to aqueous vapour ; 
but in these experiments concentrated Imninous beams, which would have in&llibly 
brought into view the least trace of suspended matter^ revealed no mist or dimness at 
any kind« It is, moreover, demonstrable that an amount of turbidity rendered strikingly 
evident by a luminous beam, exerts only a fractional part of the action of the pure 
aqueous vapour. When well dried air was led, not through water or over wet glass, 
but over bibulous paper, taken apparently dry from the drawers of the laboratory, the 
amount of vapour carried forward from the pores of the paper produced 72 times the 
absorption of the air which carried it. After five repetitions of the experiment^ 
wherein the same air was carried over the same paper, a quantity of vapour was still 
sent forward capable of exerting 47 times the absorption of the air in which it was* 
diffused. 

Here the possible action of odours upon radiant heat naturally suggested it8el£ 
Many perfumes were accordingly subjected to examination, the odorous substance 
being in each case carried into the experimental tube by a current of dry air. 
Thus tested pachouli exerted 30 times, cassia 109 times, while aniseed exerted 372 
times the absorption exerted by the air in which it was diffiised. 

A novel method of exhibiting the absorption and radiation of gaseous bodies, the 
germ of which had been previously discovered,* was illustrated and developed by the 
new apparatus. Suppose the experimental tube exhausted and the needle, under the 
joint action of the two somxjes, to be at 0^ On admitting a strong vapour the usual 
deflection would occur. Suppose it to be 50 galvanometric degrees. Let dry air be 
now introduced until the experimental tube is filled. Although fr^esh matter is thus 
thrown athwart the rays of heat, the needle behaves as if the matter within the 
experimental tube had wholly disappeared. It sinks to zero, and not only so, but 
passes say to 50° on the other side. 

After the first moments of perplexity succeeding the observation of this effect, its 
cause became clear. On entering the experimental tube the air, having its vis viva 
destroyed, was heated dynamically. Incompetent to radiate itself, it imparted its 
warmth to the vapour, and this powerful radiator pomed the heat thus received 
against the pile. This heat sufficed not only to neutralise the deflection of 50^ due to 

* Philosophical Transactions, Vol. 151, p. 32, 
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absorption, and indicating cold, but to carry the needle up to 50® on the side of heat. 
So likewise, when the experimental tube was filled with mixed air and vapour, the 
needle being at 0°, a stroke of the pump, though opening a freer passage for the rays 
from the source, caused a deflection indicative not of heat, but of cold. Here, the 
vapour within the tube being chilled by the dilatation of the air, the pile radiated its 
uncompensated warmth into the vapour and produced the observed deflection. 

Such observations suggested a new means of demonstrating the absorption . and 
radiation of heat by gases and vapours. Abandoning all external sources of heat, and 
permitting the various gases already examined to enter the experimental tube at a 
common velocity, they became self heated and radiated against the pile. Their 
radiation, thus determined, corresponded exactly with the results obtained when 
heated columns of these gases were permitted to rise freely in the atmosphere. 

Both the radiation and absorption of vapours were determined in the same manner. 
The external source of heat was abandoned, and a measured quantity of every vapour 
was introduced into the experimental tube. Through an orifice of fixed dimensions 
dry air was then permitted to enter the tube, where the destruction of its vis viva 
raised its temperature. The heated air warmed the vapour, which in its turn 
radiated the heat imparted to it against the pUe. The deflection of the galvanometer 
declared the strength of this radiation. Absorption was determined by permitting 
the mixed air and vapour to dilate by a measured quantity, the pile being here the 
warm body, and the chilled vapour the absorbent. The order in which the vapours 
stood as regards absorption was here exactly the order of their radiation, while both 
absorption and radiation, thus determined, agreed with the results obtained by sending 
the rays from an external source of heat through the pure vapours in the experimental 
tube. 

What has been called " vapour-hesion," whereby liquid films are produced, has been 
supposed to play a dominant part in my experiments. But it can hardly be imagined 
that an irregular action of this kind could produce results of such precision and con- 
sistency as those here recorded. Such results are, in my opinion, only compatible with 
the conclusion that the veritable radiators and absorbers are the molecules of the 
vapours. Apart from all experiment, the notion that vapours must act in this way 
comes commended to us by the proved, and conceded, deportment of gases. It would 
be unreasonable to admit that a compound gaseous molecule is active, and at the 
same time to affirm that a compound vaporous molecule is inert. 

This hypothesis of liquid films formed on the interior surface of the experimental 
tube, and on the plates of rocksalt, becomes, I think, more embarrassed as we proceed. 
It depends on the improved assumption that liquids possess powers of absorption 
which are denied to their vapours. To water and brine, for instance, Magnus largely 
concedes such powers, but not to aqueous vapour. That the state of aggregation 
exerts an influence is not denied, but that it is here the dominant factor is open to 
doubt. To admit this would be to concede that the seat of absorption is the molecule 

2 Q 2 
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as a whole, to the practical exclusion of the constituent atoms of the molecula For 
if the atoms esert any influeDce, the mere passage from the liquid to the vaporous 
condition, which separates the molecules from each other, but leaves them individually 
intact, cannot destroy their powers of absorption. 

At an early stage of these researches the parallelism of liquid and vaporous absorp- 
tion forced itself upon my attention. Thus, my experiments on bisulphide of carbon 
vapour were connected with the deportment of liquid bisulphide, as set forth in 
Melloni's table. The vapours, moreover, of chloride of sulphur and chloride of 
phosphorus, whose liquids stand in Melloni's table next to bisulphide of carbon, were 
afterwards proved by me to possess a diathermancy corresponding to that of their 
liquids. Aft«r various references to this subject in preceding memoirs, a portion 
of the Bakerian Lecture for 1864 was devoted to its examination. Liquid layers 
enclosed between plates of transp^i^nt rocksalt were tested in r^;ard to their dia- 
thermancy, and for the sake of control and veiification they were employed in five 
different thicknesses. The vapours of these liquids were examined in quantities pro- 
portional to the quantity of liquid, the same quality of heat being applied both to 
liquids and vapours. By these experiments, it seemed to me placed beyond a doubt, 
that the liberation of the molecule from the liquid condition did not destroy its 
absorbent power, the order of absorption being proved to be precisely the same for 
liquids and their vapours. Ten different substances were shown at the time here 
referred to to follow this rule. The list has since been extended, and I am not 
acquainted with a single real exception to the rule. Any reasoning, therefore, which 
a.scribes a potent absorption to perfectly impalpable films, condensed on the surface of 
my apparatus, and which denies that absorption to the free molecules within the 
experimental tube, is in my opinion untenable. 

The relation between liquids and their vapours here indicated is very thorough. It 
extends beyond the field of experiment which we have hitherto had in view. I have, 
for example, published some researches on the action of rays of high refrangibiUty on 
gaseous matter, and have shown in a great variety of cases, that the molecules are 
shaken asunder by such rays. The actinic clouds, as I have called them, produced by 
this decomposition, reveal vividly the track of the beam by which they are generated, 
and render it easy to observe the distance to which the action penetrates. In the 
case of nitrite of amy), for example, tlie power of decomposition is soon exhausted, the 
actinic cloud ceasing abruptly at a point about 18 inches fi-om the place where the 
beam enters the vapour. An experimental tube 3 feet long, has therefore one half of 
its vapour shielded by the other half, and on reversing the tube, the shielded half 
comes instantly down as an actinic cloud In the case of iodide of allyl vapour, on 
the other hand, the beam may pass through a charged experimental tube 5 feet long, 
fill it with an actinic cloud, and still effect decomposition in another tube placed 
beyond it. What is true of these vapours is true equally of their Hquids ; for while 
a layer of the liquid nitrite ith of an inch thick prevents, when placed in the track of 
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the beam, the decomposition of its vapour, a layer of the liquid iodide, of quadruple 
thickness, does not arrest the decomposition. The power, and the lack of power, to 
penetrate considerable depths is shared alike by the liquids and their vapours. Other, 
and still more subtle and penetrating illustrations of parallelism between liquid and 
vaporous absorption are mentioned in the Bakerian Lecture for 1864.* 

§. 3. Researches of Magnus. 

Prompted by the experiment of Gbove, illustrating the chilling action of hydrogen, 
Magnus, in 1860, began an investigation on the power of gases to conduct heat.t His 
apparatus, traced in outline from his own plate, is shown in fig. 1, where A fi is the 



Fig. 1. 
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recipient for the gases, and C a flask containing water kept boiling by a current of 
steam. The bottom of C, which formed the top of A B, was the source of heat. A 
thermometer g f, shielded by a cork or metal screen o o from the radiation of the source, 
was intended to receive and measure the heat transmitted by conduction. The recipient 
A B was mounted in a space surrounded by water of a constant temperature. The heating 

* Carbonic acid is one of the feeblest of the compound gases, as regards the radiation from solid bodies ; 
but, for the radiation from a carbonic oxide flame, it transcends all other gases in absorbent power* 
The action of aqueous vapour is also enhanced when it acts upon the rays emitted by a hydrogen flame. 
The enhancement extends to water. Curious reversals of diathermic position, when heat from different 
sources is employed, are moreover shown to occur simultaneously with liquids and vapours. 

t A Preliminary Note of this inquiry is published in the " Bericht ** of the Berlin Academy for July 
30th, 1860. No measurements are given, but certain results are announced. The experiments were 
tirst published in Poggikdobff's Annalen for April, 1861. 
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of the thermometer^ when A B was exhausted,* was compared with its heating, when 
A B was filled with various gases, and in every case but one the heating through the gas 
was found less than the heating through the vacuum. The exception was hydrogen, 
which carried more heat to the thermometer than was transmitted by the vacuum. 
The coDclusion drawn by its author from this experiment was that hydrogen conducted 
heat like a metal. 

One remark only in this Note has any reference to the diathermancy of gases, but it 
is a significant one. Magxus had no doubt as to the power of every one of his gases 
to conduct heat There could, he supposed, be only a difference of decree between 
them and hydrogen. Whence, then, the lowering of the thermometer ? He answers 
thus : — " From this it is not to be inferred that the gases do not conduct heat, but 
merely that in their case conduction is so feeble as to be neutralised by adiathermancy." 
These are the only words in the note which have any reference to radiation. 

In his next inquiry, Magxus dealt directly with the subject of diathennancy, a 
Preliminary Note of the investigation being published in the Monatsbericht for 
February 7th, 1861. This note, like its predecessor, consisted of general and descriptive 
statements, no actual measurements being g^ven. The completed memoir was first 
puUished in Poggendokff's Annalen for April, 1861. For the purposes of this new 
inquiry the apparatus used in the experiments on gaseous conduction was modified as 
shown in fig. 2. To the recipient A B a second one G F was attached, both being 
connected by the tubulure shown in the %ure. The redpient G F rested upon the 
plate of an air-pump, on which also stood the thermopile p, with one of its &cee turned 
towards the source. From the pile, through the air-pump plate, wires passed to the 
galvanometer. With this apparatus, the absorption by atmospheric tur and by oxygen 
was found to be 11'12, and by hydrogen 14"1 per cent, of the total radiation. The 
allied conductivity of hydrogen did not therefore manifest itself in these experiments. 

Let us analyse these results. In the first experiments, the distance of the thermi>- 
meter from the source of heat was 35 millimeters. The action on the thermometer 
through a vacuum being represented by 100, the action through air and through 
oxygen of this depth was found to be 82. The loss of 18 per cent, in air and la 
oxygen was alleged to be due to the adiathermancy of these media, to which per- 
centage, if we wish to ascertain the total absorption by lur, we should have to add 
such heat as reached the thermometer by conduction. 

Turning now to the modified apparatus, which is evidently drawn to scale, the gas 
here traversed by the radiant heat was about 275 millimeters in depth, while the 
stratum traversed in the first experiments was, as stated, only 35 millimeters. Yet 
in these first experiments an absorption of 18 per cent., wbik in the later ones an 
absorption of only 11*21 per cent, is assigned to air. In other words, when the depth 
of the aerial stratum was augmented more than seven-fold, the absorption, instead of 

* This TacDom temperstnre, at least in so far ■> it exceeded that of the sides of the Rci{nent, was 
obrioiul; dmrad from the screen. 
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increaaiDg, fell to less than two-thirds of that of the shallower stratum. It is pretty 
obvious that an influence different fix)m pure absorption came here into play. That 
influence was convection. 



Fig. 2. 



r 




Anxious to probe this matter to the bottom, and to abolish, or account for, the 
differences between my friend and myself, I wrote to him proposing an exchange of 
apparatus — that he should send his to London, and I mine to Berlin. I afterwards 
had a fac-simile of his apparatus constructed in London, and satisfied myself by actual 
trial that it was really hampered with the defects I had ascribed to it. By means of 
the striae of incense smoke and of chloride of ammonium, the fact of convection in air 
was rendered plainly visible to the eye, while the behaviour of hydrogen, under like 
circumstances, revealed the cause of its transporting more heat than the vacuiun in the 
first experiments, and less heat, not only than the vacuum, but than air or oxygen, in 
the second experiments. In the one case, the thermometer, being close to the source, 
came within the range of the convection currents of this mobile gas, the heat being 
transported to it by these currenta In the other case, a considerable distance inter- 
vened between the source and the pile, which was fiirther effectually protected by the 
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narrow tubulure. Through it the currents could not pass, but they nevertheless 
existed in the recipient A B, lowering the temperature of the source without heating 
the thermoscopic instrument. 

The experimental resources of Magnus were great, and he here applied them ; but 
the defects of his method were radical and irremovable. These defects reached their 
culmination in the subsequent researches of Professor Buff,* who by pursuing sub- 
stantially the same method, arrived at the result that a stratum of air 2^ inches thick 
absorbed 60 per cent, of the radiation from a source of 100® C.t Buff also found 
defiant gas to be more diathermanous than air, whereas at atmospheric pressures, 
it is many hundred, and at a pressure of ^^th of an atmosphere, many thousand times, 
more opaque to heat. 

This IS the point at which aqueous vapour enters into the experiments of 
Magnus. When dry and humid air were compared together in his apparatus, no 
difference between them was observed. But, apart from all disturbance, it would 
require an instrumental arrangement far more delicate and powerful than that here 
employed, to bring into view the action of a stratum of mixed air and aqueous vapour 
1 1 inches deep, and having a temperature of only 1 5° C. Disturbances, however, were 
not absent. In the first place, the convection currents which enabled dry air to reduce 
the radiation by 11 '12 per cent., were more than sufficient to mask the action of the 
vapour. Secondly, dry and humid air were brought in succession into direct contact 
with the face of the thermopile. The pile was therefore affected by any difference of 
temperature between it and the air, and it could scarcely be supposed that these 
temperatures were always alike. It was also affected by the condensation and 
evaporation which occurred when humid air and dry air were brought successively 
into contact with its lampblack-coated face. To " vapour-hesion " Magnus subse- 
quently ascribed very large effects. Here we have the conditions specially suited to 
the development of the action, and yet no reference is made to it. Either then the 
disturbance was overlooked, or the apparatus was not sufficiently delicate to reveal it. 
To these two sources of disturbance — the lowering of the temperature of the source 
by convection, and the warming and chilling of the pile by contact, condensation, and 
evaporation — is to be added another, due to the warming which must have occurred 
when the dynamically heated air came into direct contact with the thermopile — an 
action which, in my apparatus, proved sufficient to whirl the needle of the galvano- 
meter more than once through an entire circle. 

Magnus next experimented with glass tubes 1 meter long and closed at the ends 
with plates of glasa His source of heat was a strong gas flame aided, as in the 
experiments of Dr. Franz^ by a parabolic mirror. Two tubes were employed, the one 
blackened within and the other unblackeneA With the blackened tube an absorption 

* Phil. Mag., 6th ser., vol. 4, p. 401. For my reply see Proc. Koy. Soo., vol. 80, p. 10. 
t Ibid., 1877, vol. 4, p. 424. 
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of 2*44 per cent, was found for air, and an absorption of 375 per cent, for hydrogen. 
In the unblackened tube the absorption by air was 1475 per cent., and by hydrogen 
16 "27 per cent, of the total radiation. 

I went over this ground with the utmost care, using invisible as well as visible heat. 
But, substituting plates of pellucid rocksalt for the plates of glass, I failed to realise 
the effect obtained by Magnus. He ascribed the difference between the results 
obtained with his blackened and his unblackened tube to a change of quality in the 
heat, produced by reflection from the interior surface of the latter. With plates of 
rocksalt, however, though the reflection abides, the change of quaHty does not occur. 
My position, therefore, in regard to these experiments, is similar to what it was in 
regard to those of Dr. Franz. The results obtained with air, oxygen, and hydrogen, 
were, I hold, due to the chilling of the heated glass ends of the tube by the cold gases, 
and the consequent lowering of the secondary radiation. 

It was shown by Magnus himself, and is moreover obvious at first sight, that the 
imblackened tube sent a far greater amount of heat to the glass plate adjacent to the 
thermopile than the blackened one. That plate being more heated by the source, was 
more chilled by the air when it entered. The greater cooling power of hydrogen 
accounts, moreover, for the advance of the supposed absorption fi^m 1475 to 1627 per 
cent. With carbonic acid Maontjs detected a difference which had escaped Dr. Franz. 
Instead of making the action of this gas equal to that of air, he found in the blackened 
tube an absorption of 819 per cent., and in the unblackened tube an absorption of 
21*92 per cent, exerted by carbonic acid. Here true absorption mixed itself with the 
effect of mere chiUing, while, with stiU more powerful gases, the effect of chilling 
retreated by comparison more and more. 

Such were the experiments which determined, in the first instance, the attitude of 
this distinguished man towards that portion of my work which related to the action of 
the air and vapour of our atmosphere on radiant heat. In the defence of his position 
he brought to bear all the resources of consummate skill and large experience. Ilis 
position, however, was by no means a wholly defensive one. He dwelt repeatedly and 
emphatically on the dangers — and they are real — to which the method pursued by me 
was exposed. I had closed my experimental tube with plates of transparent rocksalt 
and he urged against me the hygroscopic character of this substance. Placing rock- 
salt beside a vessel of water under a glass shade, he found that it could be rendered 
dripping wet.* Hence his argument, that, instead of measuring the action of vapour, 
I had really measured the action of brine. This, however, I could not admit. I was 
aware of the danger and had avoided it. In many hundred instances the rocksalt 
plates had been detached fix)m my experimental tube while filled with the very 

* It has been shown by Professor Dbwab that the exposure of a dry plate of rocksalt for 5 minutes 
to saturated air sensibly augments the weight of the salt as determined by a delicate balance. 

MDCOCIiXXXII. 2 R 
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air which had produced the observed absorption, and found to be as dry as polished 
plat« glass. For a week at a time I have chai^;ed my experimental tube alternately 
with dried and undried air, removing every evening the plates of salt while the humid 
air 6Ued the tube. Their dryness and polish were found unimpaired.* I have 
frequently flooded the experimental tube with light, and watched narrowly whether 
any dimness showed itself on the salt, or on the interior surface, when the humid air 
entered. There was nothing of the kind. I finally abandoned the plates of salt 
altogether, and obtained in a tube open at both ends substantially the same effects as 
those obtained when the tube was closed with plates of rocksalt. 

Id 1862 MAGXt7S came to London. He had been previously working at the points 
of difference between us, and had strengthened his first conviction. The action of the 
air he had found to be considerable, and the action of aqueous vapour practically niL 
I also had been working, but with an entirely different result. It was hoped by both 
of us that our differences would be settled during this visit. With my closed experi- 
mental tube I showed him the neutrality of dry air and the activity of humid air; and 
while the latter was in the tube I detached the rocksalt plates and placed them in his 
hand. He closely inspected them, passed his diy handkerchief over them, and frankly 
and emphatically pronounced them peifectly dry. I then executed in his presence the 
experiments with the open tube, and reproduced the results which I had previously 
published. I subjected the method of compensation to a severe test and showed him 
how exact it could be made. He frankly confessed his inability to find any flaw in 
my experiments, and save in one particular made no attempt to reconcile our differ- 
ences. He accounted for the neutrality of dry air observed by me by pointing to my 
thermopile, between which and the experimental tube a space of air intervened. He 
argued, and justly ai^ed, that though the calorific rays were permitted to enter the 
tube from a vacuum, if the air intervening between tube and pile could produce the 
effect which he ascribed to it, the heat would be robbed of its absorbable rays before the 
dry air entered the tube, the subsequent neutrality of dry air being a matter of course. 
The logic was good, but its basis I knew to be more than doubtful; and I therefore asked 
him whether a layer -^'^th of an inch thick between pile and tube would produce any 
sensible effect. His reply was an emphatic negative. In subsequent experiments, 
therefore, the conical reflector was removed from my pile, and placed within the experi- 
mental tube, its narrow end being caused to abut against the plate of rocksalt. The 
face of the pile was then brought within less than ^^th of an inch of the rocksalt 
plate ; and in this way my former measurements, which had declared the pure air of 
our atmosphere to be a practical vacuum to radiant heat, were verified to the letter. 

The well-earned fame of Magnus as an experimenter, and his personal friendliness 
to myself, rendered it specially incumbent on me to deal respectfully with eveiy one of 
his suggestions. He once intimated to me that the absorption which I had supposed 

* This master; over the apparatus was not attained withont training. Any lapse of care soon declared 
iteelf by the condition of the plates of salt. 
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due to aqueous vapour, might be really due to the smoke and dust suspended in 
London air. To meet this I carried air myself from the Isle of Wight, had it 
carried from Epsom Downs and other places, and found the aqueous vapour diffused 
in such air to be from 60 to 70 times more energetic than the air itself. London 
air, moreover, was freed from its suspended matter and tested when dry: it proved 
neutral The self same air was then rendered humid : its absorbent power was 
restored. Then, with dry air as a carrier, I introduced smoke into the experimental 
tube, until it far exceeded in density that suspended in the London air when Magnus 
drew my attention to it. The quantity of heat intercepted by this smoke proved to 
be only a fraction of that absorbed by the perfectly invisible aqueous vapour. 

On his return to Berlin he resumed his labours. He had been especially impressed 
by the experiments with the open tube, and to this point he directed his chief atten- 
tion. " The result of this experiment,*' he writes, " was so surprising and so little in 
accord with what I had found by other methods, that on reaching home I determined 
to repeat the experiment." He did so, with this result: — "I have," he says, 
" repeated the blowing in of dry air and moist air many hundred times ; but in no 
single case was the deflection such as to indicate a greater absorption by moist air." * 
Humid air in his experiments produced the deflection of heat ; dry air the deflection 
of cold — a result diametrically opposed to mine. In London he had seen that my 
deflections were as large as I had affirmed them to be, but he had not criticised them 
with a view of ascertaining whether they were or were not in the right direction. Li 
these new experiments, however, he had, he thought, hit upon their origin. The 
moving air had reached the face of the thermopile, producing, when humid, heat by 
condensation, and when dry, cold by evaporation. 

I read the account of these experiments with some concern ; for it was thereby 
made plain to me that Magnus had by no means realised the anxious care that I had 
bestowed upon my work. The testimony of an independent observer would, I thought, 
set the matter right. My apparatus, carefully adjusted, was accordingly handed over 
to Dr. Frankland, who minutely tested every point involved in, or arising out of, the 
objection of Magnus. He verified all my resulta His opinion as to the accuracy of 
the method of compensation is worth recording. "In conclusion," he writes, **I cannot 
but express my surprise and admiration at the precision and sharpness of the indica- 
tions of your apparatus. Without having actually worked with it I should not have 
thought it possible to obtain these qualities in so high a degree in determinations of 
such extreme delicacy."t To this may be added the subsequent testimony of Professor 



* PoGQENDORFp's Annalen, 1863, vol. 118, p. 680; Phil. Mag., 1863, vol. 26, p. 25. 

t The total heat here employed amounted to 86*2^ of a quadrant. This exceedingly large deflection was 
neutralised by the radiation from the compensating cube. But so accurately were the two sonroes 
balanced, and so constant was the radiation on both sides, that the determinations were made with ease, 
and without sensible disturbance or fluctuation. 

2 B 2 
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Wild, now of the University of St. Petersburg, who went carefully over the same 
ground. " In all my experiments," he says, *' conducted according to Tyndall's 
method, which included more than a hundred distinct observations, I have never 
obtained deflections of the galvanometer needle in contradiction to the statements of 
Professor Tynd^vll."*' 

In an extremely able paper, a translation of which is published in the Philosophical 
Magazine for October, 1866, the Petersburg philosopher compares the methods pursued 
by Magnus and myself respectively. Insufficient sensitiveness and the disturbance 
due to convection currents, caused him, he says, to abandon the method of Magnus. 
" Although," he continues, " this method of investigating absorption may, in the hands 
of so experienced and expert an experimenter as Professor Magnus, be an appropriate 
one for determining absolute values with great certainty, I feel bound, firom my oimi 
experience, to give a decided preference to Tyndall's method, not only on account of 
the greater fiicility with which it furnishes qualitative [quantitative] results, but also 
in consequence of its greater delicacy. It is principally in consequence of this greater 
delicacy that, notwithstanding the negative results furnished by Magnus's method, I 
maintain that the greater absorptive power of moist air, as compared with dry, has 
been fully established by the experiments made according to Tyndall's method ; and 
I am of opinion that meteorologists may without hesitation accept this new fact in 
their endeavours to explain phenomena which hitherto have remained more or less 
enigmaticaL" 

In 1866 Magnus varied his method of experiment, seeking to solve the question of 
absorption by observations on radiation. " I have," he says, " made a few determina- 
tions of the radiation of dry and moist air, and of some other gases and vapours. Up 
to the present time," he continues, " the capacity of these bodies to transmit heat has 
alone been determined. ''t He then describes his arrangement : — " The gases and 
vapours were passed through a brass tube of 15 millimeters internal diameter, which 
was placed horizontally and heated by gas flames. One end of the tube was bent up- 
wards so that the heated air ascended vertically, while at a distance of 400 millimeters 
from the vertical current, was placed the thermopile." When dry air was sent through 
this tube, the deflection produced was three divisions of a scale; when air which 
had passed through water at a temperature of 1 5° C was sent through the tube, the 
deflection rose to five divisions ; when the water was warmed to 60° or 80° Fahr., 
the deflection was 20 divisions; and when the water boiled, the deflection was 
100 divisions. In this last experiment, however, a mist appeared, so that, as urged at 
the time, the radiation could not be said to have been purely fix)m vapour. In the 
other cases no mist was visible, but it was nevertheless concluded that the 20-division 
deflection was due to the formation of mist at the boimdary of the ascending current. 

• PhU. Mag., 4th ser., vol. 32, p. 262. 

t This is an inadvertence. Exhaustive expeiiments on the radiation of gases and vapours had been 
made and published many years previously. 
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I should be disposed to claim these experiments as telling in my favoiu*. The first 
of them, in my opinion, dealt with the radiation not from dry air but from the 
adjacent aqueous vapour which had been warmed by the dry air. That the deflection 
in the second experiment was small is not surprising. The radiation which could 
reach the pile from a jet of air only 15 millimeters in diameter, and containing such 
moisture as could be taken up at 1 5^ C, must have been extremely small imder any 
circmnstances. But in the present case, even this small radiation was diminished by 
the passage of the heat through 400 millimeters of undried air. I should demur to 
the explanation of the third experiment, and question the warrant to imagine a mist 
which could not be seen. Even the fourth experiment, where mist was visible, yielded, 
I doubt not, a mixed result ; part of the eftect, and probably the smallest part, being 
due to the mist, and part of it to the vapour. 

With regard to the radiation from hot aqueous vapour, the following experiment is 
typical of some hundreds which I have had occasion to make. A burner consisting of 
two rings provided with numerous small apertures waa placed within a square tin 
chimney. At some height above the burner the chimney was perforated so as to 
enable the radiation from a heated gaseous column within the chimney to reach a distant 
thermopile. The side of the chimney facing the pile was so protected by screens that 
the radiation from the chimney itself was nil. Connecting the burner with a bottle 
of compressed hydrogen the gas was ignited. A column of hot vapour rose from the 
burner and passed the aperture in the chimney, through which it sent its rays to the 
pile. Mere tips of flame were first employed ; the column of vapour rising fi:om them 
sufficed nevertheless to produce a permanent deflection of 

40° 
A slight augmentation of the flame sent the needle up to 

60° 
A still further augmentation sent it up to 

This last deflection was equivalent to more than 400 of the degrees in the neighbour- 
hood of zero. 

The radiating column was here considerably above the flame. To examine the con- 
dition of the column a concentrated luminous beam was directed upon it. There was 
no precipitation. On the contrary, the suspended matter in the air of the chimney 
was much less than that of the surroimding air. Instead of a white mist, we had the 
blackness due to the destruction of the floating matter by the hydrogen flame. 

On quenching the flame the needle returned accurately to zero. 

In his objections Magnus, for the most part, dealt with true causes, but he erred as 
to their scope of action. I never denied the existence of the dangers which he empha- 
sized. The hygroscopic character of rocksalt, for example, to which he recurred so 
often, cannot be questioned. It has a strong attraction for moisture, especially when 
cold. On this point my experience has been large, and I applied it in the execution 
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of my experiments. These, as I have so frequently stated, were conducted with plates 
of salt as dry as polished glass or rock crystal. Thus, while conceding the fiict that 
rocksalt is hygroscopic, I demur to its application. 

A similar remark applies to the last solution offered by Magxts of the differences 
between us. In 1867, he showed that vapours were condensed by surface attraction 
to a greater extent than had previously been supposed. Blowing vapour-laden air 
into a metal tube, he found that heat was generated. He inferred, and rightly 
inferred, that this heat was produced by the condensation which occurred on the 
interior sur^ioe. This condensation he found to depend on the condition of the 
surface, being greater when it was tarnished or coated than when it was polished. 
He saturated air with moisture at a temperature of 16^ C, and then raised both it 
and his pile to a temperature of 38^. When such air was blown against the dry face 
of the pile heat was generated. Condensation therefore occurred upon a surface 
22' C. higher than the dew point of the vapour. Against this I have nothing to ui^. 
But the fact by no means justifies the inference drawn from it, which was, that the 
vapours in my experimental tube were converted by " vapour-hesion " into liquid 
layers of high opacity to radiant heat. These layers, acting upon the calorific rays 
impinging on the interior surface of my tube, produced the absorption which I had 
erroneously ascribed to the vapours. More than this, the liquid layers were supposed 
to be broken up into discontinuous patches which not only absorbed the heat but 
scattered it. " Vapour-hesion," it may be added, was found to vary with the liquid 
which produced the vapour, being particularly strong in the case of alcohoL 

]^Iagxus brought this generalization to the test of experiment, but fisuled to verify 
it. He urged humid air against a dry mirror, from which radiant heat was reflected ; 
but unless he wetted the mirror visibly no effect was produced on the reflected beam. 
Still he held that reflection, oft repeated, rendered sensible an action which eluded a 
single reflection. My position here is clear. I do not doubt surface attraction, or 
deny the existence of impalpable films. No experiment was ever made on the reflec- 
tion of light or radiant heat in which such films did not intervene, but they had as 
little effect upon my results as they had upon those of De la Provostaye and 
Desains,^ and of other refined experimenters. As early as 1859, I was made aware 
of the danger which might arise from condensation. Warned by the action of chlorine 
on my brass experimental tube, I coated it inside with lampblack, and re-tested with 
it all my vapours. The result removed fix)m my mind the suspicion that surfisu^ 
condensation had anything to do with the observed absorption. Many similar 
experiments with blackened tubes were subsequently made by me for my own safety 
and instruction. There was no substantial difference between the results obtained 

* Considering the energy of water as a radiator, exceeding according to Lssue that of lampblack 
itself, the film of this liquid which mnst have covered the plates of silver in ihe experiments of the two 
French philosophers ought, if Magnus be correct, to have' sensibly raised tbe emission. Calling the 
emission from lampblack 100, that from polished silver plus the film was only 2*1. 
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with such tubes, and those obtained with polished tubes in which internal reflection 
came into play. 

Such are the general features and phases of a discussion which, though dealing only 
with a small item of my work, has consumed a considerable amount of time. Other able 
experimenters have entered this field, the latest of whom, MM. Lecher and Pernter, 
have published a long and learned memoir in Wiedemann's Annalen, which has been 
translated in the Philosophical Magazine for January, 1881. My experiments with 
gases they corroborate, but not those with vapours. Regarding the action of aqueous 
vapour they are especially emphatic, their conclusion being : " that moist air does not 
perceptibly absorb the heat rays from a source of 100° C." In fact they found moist 
air a little more transparent than a vacuum. " No imaginable source of error," they 
aflSrm, " has here been left out of account/' The arrangement for filling with moist 
air was varied, the air allowed to stand for a long time over the water in the gas- 
holder, and this moist air then passed through several wash-bottles into the experi- 
mental space, but with the same negative result." In common with Magnus, 
MM. Lecher and Pernter ascribe my results to the condensation of liquid films on 
the rocksalt plates, and on the polished inner surface of my tube.* 

§. 4 . Experiments resumed : Vei^ifications. . 

With a view to my own instruction, and to the removal of uncertainty from other 
minds, these researches on radiant heat were resumed in November, 1880. A brass 
experimental tube 4 feet long, 2f th inches in diameter, and polished within, was first 
employ ed.t Interposed between it and the source was a ** front chamber" through 
which, when exhausted, the rays passed into the experimental tube. A plate of 
transparent rocksalt separated the tube from the chamber; while a second plate 
of salt closed the distant end of the experimental tube. The source of heat was 
at first a Leslie's cube containing water at 100^ C, to one of the faces of which 
the end of the front chamber was carefully soldered. The chamber also passed 
air-tight through a copper cell in which a continuous circulation of cold water was 
kept up. The heat which might otherwise have reached the experimental tube by 
conduction from the source was thus cut off. One face of a thermopile, provided with 

* However I may otherwise differ from MM. Leghsb and Pe&nteb, 1 agree with their opening remark, 
that few other questions of experimental physics present difficulties so great as the one here under con- 
sideration. Nor do I see reason to differ from their closing words, that " the extraordinary difficulty of 
investigations of this sort would be richly repaid by ihi^ attainment of quantitatiye results ; whilst the 
corresponding optical investigations (immeasurably easier) will always remain more of a qualit-ative 
nature." It is the difficulty here signalised that has caused so many distinguished investigators to go 
astray in this field of inquiry. I may state here that on the receipt of their paper I wrote to MM. Lbchbb 
and Pernter, but my communication was returned from Vienna through the dead letter office. 

t The plate answering to this description will bo foupd iu the Philosophical Transactions for 1861. 
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a reflecting cone, received the rays which passed through the experimental tube. The 
other face, also provided with a cone, received the rays from a ** compensating cube," 
used, as formerly, to neutralise the radiation from the source, and to bring the needle 
of the galvanometer to zero when the experimental tube was exhausted. On the 
entrance then of any absorbent gas or vapour the equilibrium was destroyed, the 
needle moved from zero, and from the observed permanent deflection the absorption 
was calculated. Other qualities of heat, and other experimental tubes than that here 
described, were afterwards introduced into the inquiry. 

I here give the measurements executed in 1880 with the vapours of nine different 
liquids, in experimental tubes of the dimensions above given. 

Table I. 



PreaBures. 

Bisulphide of Carbon *48 in. mer. 

Chloroform '36 „ 

Benzol 32 „ 

Iodide of Ethyl '36 

Iodide of Methyl '46 

Amylene '26 „ 

Sulphuric Ether -28 

Acetic Ether -29 „ 

Formic Ether 36 „ 






Vap 


ours. 


Liquids. 


f 

Lkslib's cabe 


1 
Lesue's cube 


Red hot 


Yacuam. 


free. 


q>iral. 


4-4 


50 


7-6 


12-8 


12-9 


28-8 


14-8 


15-0 


44-5 


18-4 


19-3 


470 


250 


26-2 


590 


261 


27-2 


650 


350 


35-6 


71-0 


43-3 


437 


77-5 


43-3 


440 


78-0 



The " pressui-es " in this table are chosen with a view to the comparison of liquids 
and vapours. They express quantities of vapour which are proportional to the 
quantities of matter in the respective liquids at a common thickness. The two next 
columns contain the absorptions per 100, of the heat from two Leslie's cubes, the one 
with a vacuum in front of it, the other placed in free air, and well protected from air- 
currents. The close agreement of the two columns proves the ** front chamber" to be a 
superfluity. It also illustrates the coincidence to be attained in these measurements 
when they are carefully made. In the last column I have placed the absorptions 
exerted by liquid layers of the respective substances at a common thickness of one 
millimeter. The source of heat here was an incandescent platinum spiral. The order 
of absorption of liquids and vapours is the same. 

This order is, as might be expected, undisturbed, when we apply heat of the same 
quality to liquids and vapours respectively. This is shown by the following table : — 
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Table II. 

Polished tube. 


Blackened tube. 


r 

Spiral 
(dull). 

... 30 


Spiral 
(bright). 

2-4 

4-6 

7-5 

8-6 
10-7 
14-3 
21-0 
230 
230 


Spiral 
(dull). 

30 


... 7-0 


5-0 


... 9-4 
. . . 13-6 


100 
12-3 


. . . 15-6 


13-8 


. . . 20-6 


17-5 


. . . 27-0 


238 


. . . 330 


29-0 


. . . 330 


300 



Bisulphide of Carbon 

Chloroform 

Benzol 

Iodide of Ethyl 

Iodide of Methyl 

Amylene 

Snlphnric Ether 

Acetic Ether 

Formic Ether 

The vapour pressures here are the same as those employed in Table I. The order 
of absorption is the same in both tables ; but its amount is diminished. This was to 
be expected from the diflFerence in quality of the heat. We are dealing with trans- 
parent vapours — in other words, vapours pervious to the luminous rays ; and the 
greater the proportion of these rays in the calorific beam, the less will be the absorp- 
tion. This is well illustrated by the second coliunn in the table, which shows the fall 
of the absorption when the spiral is raised from a dull red to almost a white heat. 
The polished tube was used in both these cases. 

The third column of figures in Table II. shows the results obtained when the 
experimental tube was coated within with lampblack. The absorptions are in the 
same order, and almost of the same amount as those of the first column. The case is 
representative and might be multiplied to any extent. It is incompatible with the 
notion that my results were due to films collected on the polished interior surface of 
my experimental tube. 

Placing the substances recently experimented on in the order of their absorption, 
and also in the order which they exhibited in 1864, we have the following two 
columns : — 



1880. 
Bisulphide of Carbon 
Chloroform 
Benzol 

Iodide of Ethyl 
Iodide of Methyl 
Amylene 
Sulphuric Ether 
Acetic Ether 
Formic Ether 



1864. 
Bisulphide of Carbon 
Chloroform 
Iodide of Methyl • 
Iodide of Ethyl 
Benzol 
Amylene 
Sulphuric Ether 
Acetic Ether 
Formic Ether 



In 1864, therefore, the iodide of methyl proved itself more diathermanous than the 
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A 


B 


C 


50° 


5-0' 


4-0'' 


170 


150 


6-0 


89-4 


33-0 


80 


330 


350 


12-5 


420 


41-0 


160 


44-3 


43-5 


18-2 


46-2 


45-5 


220 


47-6 


46-9 


22-2 
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iodide of ethyl, while both of them were more diathermanous than benzol. In 1880, 
the case was precisely the reverse. Suspecting that the discrepancy might be due to 
impurity, I requested my friend Professor Dewar to subject the liquids to a further 
process of purification. Tested afterwards, they produced the following deflections : — 

Bisulphide of Carbon 

Chloroform 

Iodide of Methyl 

Iodide of Ethyl 

Amylene 

Snlphuric Ether 

Acetic Ether 

Formic Ether 

Under A and B respectively are the deflections produced by the liquids prior to and 
after purification. The iodide of methyl falls from 39*4° to 33°, while the iodide of 
ethyl rises from 33° to 35°. The relative positions occupied by the Hquids in 1864 are 
thus restored. Benzol, however, remained permanently lower than before. Under C 
are the deflections produced by the vapours of the purified liquids. Here also the 
positions of the two iodides are reversed, vaporous absorption following the order of 
liquid absorption. I have frequently encoimtered oases of this character. The simul- 
taneous change of diathermic position of liquid and vapour indicates that the foreign 
ingredient, whatever it was, possessed approximately the same volatility as the sub- 
stance which it vitiated. 

§.5. New Experiments. Hypothesis of Internal Films. 

a. Tlie Experimental Tube. 

I wish now to come to closer quarters with the argument urged by Magnus and 
repeated by MM. Lecher and Pernter, namely that my results were due to "vapour- 
hesion " — that is to say to liquid films condensed on my experimental tube and on my 
plates of rocksalt. The two investigators last named express unqualified surprise that 
I should have neglected the simple precaution of experimenting with blackened tubes. 
But this precaution was by no means neglected by me. I have repeatedly fortified 
myself by experiments of this character, with the result recorded in Table I. But I 
went further. A smooth coating of lampblack, however powerful as an absorber, 
might be held competent to reflect a certain portion of the incident heat. Hence my 
desire to get entirely rid of reflection, by avoiding all contact with the interior surfiwje 
of the experimental tube. 

In flg. 3 an apparatus is sketched by means of which this has been accomplished. 
T T' is a stout tube of brass, 36 inches long and of 6 inches internal diameter. Pro- 
jecting from its otherwise closed ends are screws 1 inch each in depth, surrounding 
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circular apertures 3^ inches in diameter. By means of screw caps these apertures 
may be closed air-tight by transparent plates of rocksalt, the plates being protected 
from crushing by washers of indiarubber. a is a cock leading to an air-pump and a 
barometer tube, & is a cock to which flasks can be attached, while c is a cock connected 
with a piuifying apparatus (not shown). This consists of a U tube filled with fragments 
of clean glass moistened with sulphuric acid, and of a second tube filled with frag- 
ments of CaiTara marble wetted with caustic potash. A plug of cotton wool intercepts 
the floating matter of the air. The source of heat L is a cylinder of carefully 
prepared lime, against which a flame of coal gas and oxygen impinges. The in- 
candescent lime faces the concave mirror R, which receives the rays and sends them 
back in a parallel beam through the tube T T'. P is the thermopile from which wires 
proceed to a distant galvanometer, the reflected dial of which is observed through a 
telescope. S is an adjusting screen. At C is what, in my former researches, I have 
called the "compensating cube," used to neutralise the radiation from the source L, 
and to bring the galvanometer needle to zero. The chief object of this arrangement 
is to enable the experimenter to send a calorific beam along the axis of the tube T T", 
which shall never touch its internal surface. The great width of the tube, aided when 
necessary by diaphragms, renders this easy of accomplishment. 

Fig. 3. 




The mode of operation is readily tmderstood. Suppose the heat impinging on the 
pile to produce a galvanometric deflection of 60". This, the " total heat," is neutralised 
by the radiation from the compensating cube. To render the compensation accurate, 
the double screen S is shifted by au extremely fine screw motion. Even when the 
total heat is very lai^e it is possible, by means of this screen, to neutralise accurately 
the radiation of the source and bring the needle to zero. Suppose it to be there when 
the tube T T' is exhausted ; on permitting a gas or vapour capable of absorbing 
2 s 2 
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radiant heat to enter T T', the pre-existing equilibrium is destroyed ; the needle 
moves promptly away from zero, and from the observed deflection the absorption may 
be calculated. 

IiLStead of the concave reflector, a rocksalt lens of great purity is sometimes used to 
render the beam parallel. When the lens is used, the incandescent portion of the 
cylinder of lime is caused to face the tube T T', between which and the lime the lens is 
introduced. Instead of the incandescent lime, a spiral of platinimi wire heated to 
redness by a voltaic current is frequently employed as the source of heat. The spiral 
is placed in the centre of a brass globe G, fig. 4, and is connected with the screws S S' 



Fig. 4. 





I ; 



fixed in the back of the globe, from which wires pass to the battery. R shows 
the position of the rocksalt lens, while one end of the experimental tube is shown at T, 
The greatest care is here necessary to protect the spiral from any agitation of the air. 
Such care, however, it is always in the experimenter's power to bestow. To secure 
constancy in the radiation, the battery was charged three times a day, the strength of 
the current being regulated by a rheostat, and checked by a tangent galvanometer. 

An experimental tube of the description shown in fig. 3 was first employed by me 
about twelve years ago, and with it I then verified all the experiments I had previously 
made on the absorption of radiant heat by gases and vapours. The experiments were 
not published in any scientific journal, but they are thus referred to at page 394 of 
my volume of collected memoirs, entitled *' Contributions to Molecular Physics in the 
domain of Radiant Heat " : — " The two ends of an experimental tube 38 inches long 
and 6 inches in diameter were each provided with an aperture 2*6 inches in diameter. 
These apertures were closed with plates of rocksalt. The source of heat was a 
platinum spiral, well defended from air-currents, and heated to redness by an electric 
current. In front of the spiral was a rocksalt lens, which sent a slightly convergent 
beam through the tube. Behind the most distant plate was formed a sharply defined 
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image of the spiral, its size being such that it was wholly embraced by the plate of salt. 
Here then was a beam of heat passing through an experimental tube without coming 
into contact either with the surface of the tube itself, or with any coating or lining of 
that surface. With this apparatus all my old experiments on vapours have been 
frequently repeated. There is no substantial difference between the results thus 
obtained, and those obtained with an experimental tube, where nineteen-twentieths of 
the heat which reached the pile, was reflected heat." 

The tube referred to in this extract was of rough brass, tarnished within. Hence, 
when air entered it, after exhaustion, the dynamic heating of the tube and the 
partial condensation of the vapour when the air was moist, produced an amount of 
radiation from its internal surface which, though small, was a source of some dis- 
turbance. In my present experiments, therefore, another tube of the dimensions 
above given is employed, and to reduce to a minimum any radiation from its internal 
surface, it is coated within with silver, deposited electrolyticaJly and highly polished. 
Experiments with this tube show that it does not in any way disturb the true radiation 
from the source. 

In Table I. are recorded five series of measurements executed with a brass tube 
polished within. But as the liquids, though reported pure by the manufacturing 
chemist, vary slightly from time to time, I thought it advisable to adhere to the same 
samples in experiments wherein a tube with reflecting interior is to be compared with 
one permitting of no reflection. The following five series of new measurements were 
therefore executed with the tube first mentioned. 



Bisulphide of Carbon 
Chloroform. . . 
Benzol .... 
Iodide of Methyl 
Iodide of Eihjl . 
Amjlene . . . 
Solphuric Ether . 
Acetic Ether . . 
Formic Ether. . 



Preasnree. 

•48 
•36 
•32 
•46 
•36 
•26 
•28 
•29 
•36 



Tabt.f. hi. 








with internal reflection. 






A 
Spintl 
(<Urk). 


B 

Spiral 
(bright). 



Lime 
(free). 


D 

Lime 

(mirror). 


E 
Lime 
(leu). 


5-0 


31 


3-4 


31 


2-6 


7-9 


6-3 


6-6 


4,-8 


5-0 


9-6 


8-6 


7-9 


6-9 


6-3 


121 


8-8 


10-2 


81 


7-5 


150 


11-9 


12-6 


11-3 


10-6 


21-9 


16-6 


160 


14-4 


12-5 


30-9 


231 


22-7 


19-8 


181 


36-9 


27-3 


29-6 


241 


. . 


. . 


. . 


29-6 


25-0 


23-8 



Column A in this table contains the absorptions of the respective vapours, in 
hundredths of the total radiation, when the source was a platinum spiral just under 
incandescence, unaided by either lens or mirror. Under B are the absorptions when 
the source was the same spiral heated to bright redness. The same vibrating atoms 
are preserved, but in A they vibrate on the whole more slowly than in B ; and as 
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the atomic periods of the transparent vapours synchronise best with the slower oscilla- 
tions, the absorptions in A are considerably higher than those in B. Under C are the 
absorptions when the source was a moderate limelight, produced by coal gas and oxygen. 
Under D are the absorptions when the source was the limelight, with its heat gathered 
up and sent through the experimental tube by a concave mirror, while under E are the 
absorptions of the heat of the incandescent spiral aided by a rocksalt lens. The 
absorptions in D and E are somewhat less than those in C, because the path of the 
rays was diminished, through the reduction of internal reflection by the mirror and lens. 
With the foregoing results, obtained with the brass experimental tube polished 
within, where the greater portion of the heat reaching the pile had undergone reflec- 
tion, are now to be compared those obtained with the silvered tube, where internal 
reflection was wholly avoided. 

Table IV. 
Wide silvered tube with no reflection. 

L L M M L 

A B C D B 

Spiral Spiral Lime Lime Lime 

(dark). (bright). (bright), (modente). (doll red). 

Bianlphide of Carbon .... 40 1*8 IS 1*5 SS 

Chloroform 5*6 30 35 4*3 60 

Benzol 7*0 51 44 6o 8*0 

Iodide of Methyl 7-6 5*9 5*0 65 92 

Iodide of Ethyl 11-3 7'6 68 8*5 112 

Amylene 150 118 88 120 173 

Solphnric Ether 21*2 17*1 12*5 150 250 

Acetic Ether 26*0 20*0 16*3 240 32'0 

Formic Ether 270 210 170 250 340 



The vapour pressures here were those given m Table III. Column A contains the 
absorptions measured when the source of heat was a spiral imder incandescence^ aided 
by a rocksalt lens. 6 contains the absorptions measured with the same arrangement, 
the spiral being raised to bright redness. As usual the heat of lowest refirangibility is 
most absorbed. G contains the absorptions of a tolerably intense limelight aided by 
the silvered mirror. D the absorptions of the same light with its intensity reduced, 
while E contains the absorptions of the rays from a lime cylinder heated to dull 
redness by a steady flame of hydrogen, burning in air, and aided by a rocksalt lens. 

Here, then, where no trace of reflected heat is sent to the pile, we have substantially 
the same results as those obtained when by far the greater portion of the heat reaching 
the pile had undergone reflection* The agreement shows that the films, the action of 
which had been posited, but never proved, are, in regard to this action, what I always 
knew them to be, imaginary. 
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h. The Plates of Rockscdt. 

Having thus, I trust effectually, disposed of the hypothesis which ascribed my 
results to liquid layers covering the interior surface of the experimental tube, I 
proceed to the examination of the plates of rocksalt which have also been credited 
with a liquid deposit. This hypothesis is to a great extent disposed of in a paper of 
mine published in the Philosophical Transactions for 1864 ; which, like other papers, 
has been overlooked by writers on this question. An apparatus is there described 
which enabled me to operate upon gaseous strata of different thicknesses, the thick- 
ness, in each case, being measured with great accuracy by aid of a vernier. Let 
two polished plates of rocksalt be supposed in close contact with each other, and let 
them be gradually separated by a suitable rack-and-pinion movement. From the first 
moment of their separation let the space between them be copiously supplied with 
vapour. Liquid films, if they form at all, will be deposited when the distance between 
the plates of salt is but small. As far as the films are concerned, they will be as 
influential when the plates are j^th of an inch apart as when they are 2 inches apart. 
Hence, if the hypothesis of my opponents be correct, the absorption ought to declare 
itself with the former amount of separation as clearly as with the latter. But if, as 
I allege, the absorption be the act of the vapour molecules, then the deepening of the 
vapour stratum will be accompanied by an increase of the absorption. The following 
experiment bearing directly on this subject was executed in 1864. My plates of salt 
were first fixed at a distance of -jj^yth of an inch asimder, and the space between them 
was copiously supplied with air saturated with sulphuric ether vapour. The distance 
between the plates of salt was then augmented by steps, as shown in the following 
table, and at each step the absorption was determined. Here are the results : — 

Thickness of vapour stratnm. Absorption. 

0'05 inch 2*1 per cent. 

0-1 „ 4-6 

0-2 „ ........ 87 

0-4 „ 14-3 

0-8 „ 210 

1-5 „ 34-6 

2-0 „ 35-1 

We thus see that when the depth of the vapour stratum augments from -^th of 
an inch to 2 inches, the absorption augments from 2 per cent, to 35 per cent, of the 
total radiation. 

It is only with sulphuric ether that an absorption of 2 per cent, by the thinnest 
stratum could be obtained. With most other vapours the action of a layer g^jth of an 
inch in thickness proved insensible. We may thus begin with a layer which yields an 
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absorption immeasurably small, gradually augment the thickness of the absorbing 
layer until it becomes a column 38 inches long, and find, throughout, the increase of 
alisorjnion running hand in hand with the increase of the length of the absorbent 
layer. This result is utterly irreconcilable with the hypothesis that liquid layers on 
Uit. plates of salt played any important part in my experiments. 

With I'egard to '' vapour-hesion," I have to make the following fiirther remarks. 
Let a thin plate of polished rocksalt be placed upon, or against, the face of the thermo- 
pile, with its lampblack removed; so as to expose a clean metallic surface. Let an open 
glass tube end about a quarter of an inch above the plate of salt; and through this 
tube let a ciurent of mixed air and vapour be gently urged downwards against the 
plate. No fine spray, which might readily arise from bubbling through a liquid, is to 
be permitted to mingle with the vapour. My vapoxirs, I may say, have been usually 
foimed, without bubbling, in large flasks, each containing a portion of a volatile liquid, 
the vapour of which was permitted to difiuse in the air of the flask. Fletcher's foot- 
bellows were employed to urge the vapoiirs forward. The needle being at zero, or 
thereabouts, on causing the mixed current to impinge upon the rocksalt, the needle 
immediately swings aside, the deflection varying from 20° to 80° and more, according 
to the delicacy of the galvanometer and the quality of the vapour. 

From such experiments, which prove heat to be liberated when vapour comes into 
contact with the salt, the condensation of the vapour has been inferred. I accept the 
inference. 

This, however, does not imply the acceptance of the inference from this inference, 
that the condensed fiilms exert the action ascribed to them on radiant heat. To test 
whether they do so or not I had a circular plate of rocksalt mounted on its edge, and 
so placed that a beam of heat passed through it normally to a distant thermopile. The 
source of heat was an incandescent spiral, aided by a concave mirror; and the total 
radiation, after passing through the salt and impinging on the pile, produced a deflec- 
tion of 51°. This radiation was accui-ately neutralised by a compensating cube, 
the needle under the operation of the two opposing forces pointing to 0°. By an 
arrangement which every experimenter can imagine for himself, sheets of air, laden 
with various vapours, could be poured in succession over the plate of salt. If, under 
these circumstances, absorbent films were formed, the equilibrimn would be destroyed 
and the needle would move from 0°. My slit, which was the flattened base of an 
open tin cone, was placed across the upper part of the plate of rocksalt, so that the 
vapours, which were all heavier than air, should fall over the plate downwards. Here 
are the results obtained when the following vapours were permitted to form films 
upon the plate : — 



RADlAlfT HElAT, AlfD ITS COllfVERSIOIf THEREBY INTO SOUND. 321 

Bisulphide of Carbon .... A barely sensible action. 

Chloroform No action. 

Benzol No action. 

Iodide of Methyl No action. 

Iodide of Ethyl No action. 

Amylene . No action. 

Sulphuric Ether A barely sensible action. 

Acetic Ether No action. 

Formic Ether No action. 

Alcohol No action. 

The minute deflections produced by bisulphide of carbon and sulphuric ether had 
nothing to do with liquid films, so that the words **no action*' might have been 
written against these substances as against the others. While therefore recognising 
the fact of condensation, these simple experiments prove how incorrect it is to credit 
the condensed films with the effects which have been ascribed to them. According to 
Magnus, alcohol exhibits a force of vapour-hesion particularly strong : but we here see 
that even this vapour produces no sensible effect. The vapours have been tested with 
other sources of heat, with the same result. 

The deportment of dry and humid air is, as usual, very instructive. When the thin 
plate of rocksalt resting on the naked face of the pile, was exposed to the common 
air of the laboratory, it, of course, contracted a fiilm corresponding to the humidity 
of the air. The sweeping away of this film by dry air produced a very small deflec- 
tion indicating cold. When, on the contrary, humid air was urged against the salt, 
the deflection indicating heat was prompt and large. We have now to test the 
action of the liquid film thus formed upon radiant heat. The circular plate of rock- 
salt before referred to was mounted, with the incandescent spiral on one side and the 
pile on the other. The slit was so arranged that dry and humid air could be sent in 
succession over the surface of the plate. As before, the radiation from the spiral was 
neutralised by the compensating cube, the needle pointing to zero when the two sources 
were in equilibrium. On sweeping dry air over the plate of. salt, so as to remove the 
film contracted from the laboratory air, there was no motion of the needle. On pouring 
humid air from the slit over the salt, there was no motion of the needle. To moisten 
the air it was urged from bottom to top through a tall jar fiUed with wet bibulous 
paper. The same apparatus had furnished humid air which produced a swing of 80° 
when urged against the thin plate of rocksalt resting on the face of the pile. As a 
barrier to radiant heat it was nevertheless powerless. The condensation may even be 
considerably enhanced without producing any sensible effect. Through a glass tube 
I urged my breath against the plate of salt so as to produce the colours of thin plateq, 
without any sensible effect upon the galvanometer. 

Having thus clearly shown what films, even in an exaggerated form, cannot 
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accomplish, I hope, in testing the action of humid air, that the use of the silvered tube, 
closed with polished plates of rocksalt, on which no trace of visible moisture is 
deposited, will be conceded to me. This tube involves the use of a source of heat of 
small dimensions. The lime light, though fulfilling this condition, is not suitable, 
because of the high refrangibility of its heat. The incandescent platinimi spiral would 
be better ; still, the radiation from this source is but feebly absorbed by the aqueous 
vapour taken up by air at ordinary temperatures. The oxyhydrogen flame fulfils the 
required conditions best.* It has the advantage of high temperature and low re- 
frangibility, while the fact that its heat, as coming from aqueous vapour, is absorbed 
with special energy, by aqueous vapour, is also a strong recommendation. In the 
Bakerian Lecture for 1864, I have illustrated this point. It was then sho\*Ti that 
when a platinum spiral, rendered incandescent by a voltaic current, had 5-8 per cent, 
of its heat absorbed by un-dried air, a hydrogen flame had from 1 7 to 20 per cent, of 
its heat absorbed. The mere plunging of a platinum spiral into the flame caused the 
absorption to fall from 17 per cent, to 8 '6 per cent. Hence my reason for choosing a 
hydrogen flame in the present instance. 

Dry air and humid air being caused to occupy the experimental tube in succession, 
both of them were compared with the radiation through the tube when very perfectly 
exhausted by a Bianchi's pump. The following results were obtained 

Deflection. Absorption per 100. 

Vacuum 0*0° O'O 

Dry air 0*0° 00 

Humid air 8 0° 117 

Vacuum 00° O'O 

Dry air 00° O'O 

Humid air 76° 112 

The deflection through a vacuum, otherwise the total heat, was 47° which, aocording 
to my calibration table, is equivalent to 68 units. 

A fresh supply of hydrogen was here introduced into the gas holder. The total 
heat being 46° or 65 units, the following results were obtained. 

Deflection. Absorption per 100. 

Dry air 00° 00 

Humid air 6-2° 9-5 

Dry air 0-0° 00 

Humid air 67° 103 

Mean of the four determinations with humid air 10*7. 

* I was careful to assure myself that, unless it amounted to the visible wetting of the plates of salt^ 
there was no sensible stoppage of the rays from the oxyhydrogen flame. This quite agrees with the 
result obtained by Magnus himself, in the experiment with the concave mirror already referred to. 
Unless he visibly wetted the mirror he failed to impair the energy of the reflected beam. 
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A column of humid air 38 inches long absorbs, according to these experiments, 
10*7 per cent, of the radiation from a hydrogen flame. I have been criticised for 
estimating the absorption of the earth's rays within 10 feet of the earth's surface at 
10 per cent. This estimate I consider a moderate one, and the foregoing experiments 
prove it to be so. 

It would be an error to suppose that determinations like these are easily made. 
They require the most scrupulous care for their successful accomplishment. The 
hydrogen issued from the gas holder through an orifice of fixed dimensions in a 
stream of the utmost possible constancy. It was then led into a Sugg's regulator, 
whence it issued under an absolutely constant pressure. The flame issued from a 
circular brass burner with an aperture i^ths of an inch in diameter. It was carefully 
surrounded by a hoarding, the space within the hoarding being packed with horsehair. 
Every precaution, in fact, was taken to avoid the agitation of the air around the flame. 
Proper care was also taken to secure the pile against disturbance by air currents. 
The air being first purified, by passing it through caustic potash and sulphuric {U5id, 
was rendered humid by carrying it over wet bibulous paper contained in a suitable 
tube. It required some minutes to enter, and it was therefore necessary, by prior 
patient observance of the needle, to make sure that during this interval no change 
occurred in the radiation save that effected by the humid air itself. The humid air 
was removed from the experimental tube, not by exhaustion which always causes 
precipitation, but by gently forcing, by means of a compressing pump, dry air through 
the tube. When this was done, the needle, in all the experiments above recorded, 
returned within a small fraction of a degree to zero.* 

With the rough, wide experimental tube to which reference has already been made, 
I, ten years ago, found the absorption of a column of humid air 38 inches long, to be 
8 per cent, of the total radiation from a flame of hydrogen. 

§. 6. Conservation of Molecular^ Action. 

If the absorption of radiant heat be the act of the constituent atoms of compound 
molecules, its amount depending solely on the number of molecules encountered by 
the calorific waves, then whatever may be the changes of density which gases and 
vapours undergo, so long as the number of molecules remains the same, the absorption 
ought to continue constant. Such constancy, should it be proved to exist, I name the 
" conservation of molecular action.*' The experiments now to be described deal with 
this question. 

Besides the silvered experimental tube already described as 38 inches long, I had 
another constructed of the same diameter, and with similar terminal apertures. Its 
length was 10 '8 inches. The one tube was, therefore, 3*5 times the length of the 

* The temperature of the laboratory air daring the foregoing experiments was 60** Fahr. 

2 T 2 
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other. The shorter tube was constructed with the view of proving that the shsorp- 
tions I had recorded in previous memoirs were exerted by the vapour molecules, and 
not by liquid layers deposited on my plates of salt. The hypothesis of such layers 
being, however, completely disposed of, we can carry the experiments a step further. 
Assuming that the absorption does not change vrith change of density, so long as the 
quantity remains constant, it would follow that 1 mercuiy inch of vapoiu* in the long 
tube ought to quench as much heat as 3*5 inches in the short one. The same con- 
clusion ought, of course, to hold good when we compare 2 inches of vapour in the long 
tube with 7 inches in the short ona 

The experiments have been made, and with the following results : — 

Sulphuric ether vapour. 
Short experimental tube. 

Pressure. Deflection. Absorption per 100. 

3-5 inches ... 24° 30 



7 „ . . 30° 37-5 



99 



Total heat . 50 



O 



Again:- 



3*5 inches . . . 


24° 


30 


7 


si-s" 


39-4 


Total heat . 


50° 





Taking the means of these two experiments we have the absorptions — 

For 3*5 inches .... 30 per cent. 
For 7 „ .... 38-5 „ 

Such is the result obtained with the short tube : we now turn to the long ona 

Long experimental tube. 

Pressure. Deflection. Absorption per cent. 

1 inch .... 23^ 30*3 

Total heat . 49° 

2 inches ... 31° 38'8 

Total heat . 50° 

These results are almost identical with those obtained with the short tube and 
greater pressures. 

The source of heat in this case was a dull lime light. In subsequent experiments 
the light was brightened. Here is the result 
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Long experimental tube. 

Pressure. Absorption. 

1 inch 22*3 per cent. 

2 inches 29*5 „ 

Short experimental tube. 

Pressure. Absorption. 

3*5 inches .... 22*5 per cent. 
7-0 „ .... 30-0 „ 

The agreement here is almost as close as that established by the fu*st experiment. 
With a still brighter source of heat the absorptions were : — 

Long tube. 

1 inch 18*4 per cent. 

2 inches 257 „ 

Short tube. 

3*5 inches . . . . 18 '8 per cent. 
7-0 „ .... 25-6 „ 

When, therefore, the density of the vapour varies inversely as the length of it 
traversed by the calorific rays, the absorption remains constant. 

The hydride of amyl lends itself conveniently to experiments of this character. 
With it, and with the lime light as source, the following measurements have been 
made : — 

Hydride of amyl. 
LoNQ experimental tube. 

Pressure. Deflection. Absorption. 

1 inch .... 10° 12-8 

2 inches ... 15° 19*2 

Total heat 49*4° 

Short experimental tube. 

Pressure. Deflection. Absorption. 

3-5 inches. . . 10° 12*2 



7-0 ..... 15° 18-3 



ff 



Total heat 50*5 



O 
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The agreement here is dose enough to illustrate the law; the greatest differenoe 
being under 1 per cent. 

At this point the following entry appears in my note book : — '' It might have been 
wise on my part to rest content with the comparison of the long and short tubes with 
the lime light as source of heat. But for the sake of completeness I wished to intro- 
duce the incandescent spiral. The fulfilment of this wish — that is to say, the 
successful performance of a single experiment — has cost me more than a week's work. 
Once however committed to the task, I could not leave it incomplete. 

" The discrepancy between the two tubes was in no case great, hardly ever exceed- 
ing 2 per cent. But the difference was uniformly in £ivour of the long tube and small 
density. Diaphragms wei'e employed, the position of the short tube was shifted, and 
it was finally placed so that the pile should occupy the same position in relation to its 
adjacent end as it did in relation to the adjacent end of the long tube. The dis- 
crepancies then disappeared, the absorptions in the two tubes proving practicallj 
identical 

" Many leaves of paper were covered with observations during the week, but it is 
useless to take up time and space in copying them here. One representative observa- 
tion will suflSce." 

Sulphuric ether. 
Source of heat — ^bright red spiral with rocksalt lens. 

Long experimental tube. 



Pressure. 


Deflection. 


Absorption. 


1 inch . . . 


200*' 


23-5 


2 inches . . 


27-3° 


32-1 


Total heat 


510° 




Short 


experimental 


tube. 


Pressure. 


Deflection. 


Absorption. 


3*5 inches . . 


17-8° 


23-4 


7*0 


24-8° 


32-6 


Total heat 


49-0° 





The agreement between the two tubes is as perfect as could be desired. 

It is easy to record these experiments, but it is not so easy to make them. On every 
portion of the apparatus — the source, the tube, the thermopile, and the galvanometer 
— extraordinary care must be bestowed to make the experiments strictly comparable. 
The results were checked by taking the total heat after every experiment — ^a pre- 
caution which insured the detection of any variation on the part of the source. When 
the platinum spiral was used, the battery of ten Grove's cells, employed to render 
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it incandescent, had to be very carefully prepared, freshly amalgamated zinc plates 
being used in each fresh battery. The requisite deflection of a tangent compass being 
produced, it was kept constant by means of a rheochord throughout the day. When 
the battery showed signs of rapid falling it was always renewed. It would be tedious 
to dwell upon the precautions taken to protect the source and the pile from the least 
agitation of the air. Such precautions are essential, but their necessity and form must 
be learnt by each experimenter for himself. 

§. 7. Themicd Continxdty of Liquids and Vapours. 

I have amply illustrated by experiments, recently made, the correspondence which 
subsists between vapour absorption and liquid absorption, when the quantities of 
matter traversed in the two cases by the calorific rays are proportional to each other. 
This correspondence, as I have already stated, was established eighteen years ago. 
And though the result goes to the very core of the discussion which my researches 
have aroused, though in relation to that discussion they had, in my estimation, a 
weight and import greater than those of any other experiments published by me, they 
seem never for a moment to have attracted the attention of those who have taken 
part in the discussion. Here is a result, published in 1864, which illustrates the 
point now under consideration : — 





Absorption 


per 100. 




r 
Vapour. 


Liquid. 


0-48 


43 


8-4 


0-36 


^'^ 


250 


0-46 


10-2 


46-5 


0-36 


15-0 


607 


0-32 


16-8 


557 


0-26 


19-0 


65-2 


0-28 


21-5 


73-5 


0-29 


22-2 


74-0 


0-36 


22-5 


76-3 


0-50 


227 


78-6 



Bisulphide of Carbon .... 

Chloroform 

Iodide of Methyl 

Iodide of Ethyl 

Benzol 

Amylene 

Sulphnric Ether 

Acetic Ether 

Formic Ether 

Alcohol 

The magnitude of the absorption in the liquids is far greater than in the vapours ; 
because the quantity of absorbent matter is far greater in the former than in the 
latter ; but the order of absorption is the same. 

When the vapours are doubled in quantity the absorptions are considerably increased. 
When trebled they are still further augmented; in other words, they approach 
more and more in magnitude to the absorptions of the liquids ; but the harmony as 
regards order is never disturbed. What then would occur if the vapours were so 
increased as to render the quantities of matter in the two states, not proportional, but 
equal to one another ? This is the question with which I now propose to deal At 
the time when the results above recorded were obtained, I thought it probable that if 
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a circular liquid layer of a given diameter could be vaporized in a tube of the same 
diameter, the absorption would remain unchanged. In other words, I thought that 
the liberation of the molecules from liquid cohesion would neither augment nor 
diminish their action upon radiant heat. Since 1864 this problem has been often in 
my mind. The wide silvered tube, I am happy to say, has rendered the solution of 
the problem possible. 

It is only highly volatile liquids that lend themselves to this experiment, because 
from them alone can vapours be derived of sufficient density to produce liquid layers 
of practicable thickness. On the 22nd of last October the experiment was first 
attempted. The source of heat was the lime light, the rays of which were received 
by a concave mirror silvered in front, and sent in a nearly parallel beam through the 
experimental tube. At the end nearest the source the tube was provided with a 
diaphragm having a circular orifice 1 inch in diameter. At the other end was a 
diaphragm with an orifice ^ an inch in diameter. Beyond this was placed the thermo- 
pile liimished, not with its reflecting cone, but with a tube of brass (shown in fig. 3) 
2 inches long, and blackened within. In this arrangement, the heat which reached 
the pile did not even approach the interior cylindrical surface. The total heat employed 
produced a deflection of 60 galvanometric degrees, which, when the tube was exhausted 
by a powerful Bianchi's air-pump, was accurately neutralised by a compensating cube. 
Liquid sulphuric ether was then placed in a large flask provided with a sound stop- 
cock, the object being to expose a considerable evaporating surface. The flask was 
plunged in water, with the view of keeping the liquid and its vapour at an approxi- 
mately constant temperature. The air being careftdly removed from the flask, it was 
attached to the experimental tube, and a quantity of vapour was allowed to enter 
sufficient to render a column 38 inches long equivalent to a liquid layer 1 millimeter in 
thickness. Two concurrent experiments made the deflection produced by the vapour 

Without altering the quality of the heat, the absorption exercised by a liquid layer of 
sulphuric ether 1 millimeter thick was next determined. The rocksalt cell with which 
the experiment was made is described in detail in the Bakerian Lecture for 1864 
(Phil. Trans., VoL 154, p. 328.) The annexed figure (fig. 5) will give a sufficiently clear 
notion of its construction and disposition. Between two stout plates of braas, c c, and 
its fellow, two rocksalt plates of extreme purity are firmly clasped by suitable screws, 
due care being taken to protect the plates from a crushing pressure. The two brass 
plates referred to are perforated by circular apertures as shown in the figure. The two 
plates of salt are not allowed to come into contact but are separated from each other 
by a carefully worked brass plate 1 millimeter thick, perforated like cc. A portion of 
this middle plate is cut away, opening a passage into the interior of the cell Through 
this passage the cell is filled with liquid by means of the funnel/ The cell is placed 
on a platform P P riveted on to the double brass screen S S. The source was placed 
at A, and the thermopile with its blackened tube at B. It is not necessary to figure 
them. 
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The needle being brought accurately to zei-o by the compeusating cube when the 
cell was empty, liquid sulphuric ether .was poured in. The consequent deflection was 

42° 
Here vapour absorption and liquid absorption were so nearly alike as to stimulate me 
to further efforts. The entry in my note book on the 22nd ends with the remark : 
" I purpose repeating this experiment on Monday, with the view of rendering the 
result secure." 

On Monday, accordingly, the experiments were resumed, but they proved by no 
means so easy as I had hoped to find them. For five days I worked at the subject 
without coming to any satisfactory conclusion. The source, the mirror, the cell, the 
experimental tube, and the thermopile, were all in turn objects of scrutiny ; but 
there stilt remained a difference between the action of the liquid and that of its 
vapour sufficient to throw doubt on the assertion of their identity. 

Fig. 5. 




At the conclusion of many trials and precautions I found the absorption of the 
vapour still distinctly in excess of that of the liquid. I had reduced the spherical 
aberration to a minimum, by confining the reflection to a small central area of the 
silvered mirror. Still the image of the incandescent lime, formed at the end T of 
the experimental tube, was large enough to encroach a little on the annular space sur- 
rounding the aperture closed by the plate of rocksalt. Diaphragms of polished metal 
had also been used to lessen the amount of heat falling upon the pile. I figured to 

HDCOJLXXXII. 2 tJ 
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myself the heat impinging on the annular space and diaphragm, reverberated back to 
the end T of the experimental tube, reflected from the annular space and diaphragm at 
that end, and thus in part sent back to the pile. Such heat, instead of pasedng once 
through the vapour, would pass through it three times, and if it formed a sensible part 
of the total heat, might make vapour absorption appear greater than liquid abeorptioD. 
I had the tube dismounted, and the annular spaces and diaphragms carefully coated 
with lampblack. Bemounting the tube and measuring once more the vapour absorp- 
tion, it was found to be 

32-4 per cent. 

This was the mean of five concurrent series of observations, in which every core was 
taken to ensure exactitude. Lest the total heat should i^ry, during the execution of 
a seriee, it was taken at the conclusion of every individual experiment. 

The absorption of sulphuric ether, acting as a liquid, was next determined. The 
mean of three series of experiments, two of which yielded identical results, and the 
third of which diflerred only 07 per cent, from the others, made the absorption of the 
liquid ether to be 

32*9 per cent. 

which, I need not say, is surprisingly close to the vapour absorption, differing there- 
from by only 0*5 per cent. 

Informed by experiment that the heat from the incandescent platinum spiral was 
more powerfully absorbed than that of the lime light, I thought it worth while to 
inquire whether the liquid followed its vapour in absorptive enei^, when the quality 
of the heat was changed. On Monday the Slst, accordingly, the rays fi^m the ^iral 
being rendered:! parallel by a rocksalt lens, the absorption of sulphuric ether was 
determined and. found to be 

66*7 per cent, 

while the absorption of the liquid was 

67"2 per cent, 
which again gives a ditference of only 0*5 per cent. 

On another occasion I found the absorption by sulphuric ether to be : - 



Vapour . 
Liquid . 



71 per cent 
70 



On the 1st November I checked the result obtained with the lime light and mirror, 
by using the lime light and rocksalt lens. Here are the absorptions of the vapour and 
liquid respectively : — 

Vapour .... 33'3 per cent 

Liquid .... 33'3 

The absorptions are identical ; while the result agrees closely with that obtained 
with the concave reflector. 
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When the requisite quantity of sulphuric ether vapour, viz. 7*2 mercury inches, 
was in the experimental tube, I tried whether the radiation from a Leslie's cube, 
coated with lampblack and filled with boiling water, could pass through the vapour. 
About 14 per cent, of the incident heat was transmitted. Had I been asked at the 
time whether a liquid layer of sulphuric ether 1 millimeter thick was pervious to the 
heat of the cube, I shovJd have replied with some confidence in the negative. Hence, 
for the moment, I thought the experiment opposed to the law. that vapour absorption 
and liquid absorption, when equal quantities of matter are compared, are the same. 
On actually testing a layer of the liquid ether 1 millimeter thick, the transmission of 
upwards of 6 per cent, of the incident heat was observed. So that in this case also 
we have harmony of deportment between liquid and vapour. The absorption of the 
vapour exceeds that of the liquid because the heat from the cube radiated freely 
against the interior silvered surface of the experimental tube, and by its reflection 
from that surface had its path through the vapour augmented in length. This 
augmentation naturally carried with it an increase of the absorption. 

The next substance examined was hydride of amyl, the boiling point of which is 
30° Fahr., or 5° lower than that of sulphuric ether. When a large evaporating surface 
is exposed, there is therefore no difficulty in obtaining, from this liquid, vapour of a 
pressure of 6*6 inches of mercury. This, in a tube 38 inches long, would, if squeezed 
to liquefaction, produce a layer 1 millimeter thick. Vapour absorption and liquid 
absorption being measured in succession, this is the behaviour of the hydride of amyl : — 

Absorption by vapour .... 51 per cent. 
Absorption by liquid . • . . 51 per cent. 

the two absorptions being absolutely identical.* 

Combining this section and the last, their joint results may be thus summed up. 
Beginning with a column of sulphuric ether vapour 38 inches long at 7*2 inches 
pressure, or with a column of hydride of amyl vapour 38 inches long and at 6*6 inches 
pressure, and gradually shortening the column without altering the quantity, the 
vapour would gradually augment in density and pass wholly, when reducexl to a 
thickness of 1 millimeter, into the liquid state of aggregation. Suppose a beam of 
heat of constant value, after passing through the vapour, to impinge upon a thermopile 
and to produce a definite galvanometric deflection ; this deflection would remain 
absolutely fixed during all the changes of density and aggregation which we have 

* When the rocksalt cell was empty, reflection of conrse occurred at its two interior snrfaces. A 
perfectly diathermanons liquid, with the refractive index of rocksalt, would annul this reflection. And 
though the liquids actually employed had a smaller refractive index than rocksalt, and though they were 
far from being perfectly diathermanons, their introdnction into the cell must nevertheless have diminished 
the reflection and thus added to the transmitted heat. This addition, having been determined by calcn- 
lation, was sensibly neutralised by the introduction of washers of thin note paper which slightly augmented 
the thickness of the liquid strat^im traversed by the calorific rays. 

2 u 2 



33-2 PROFESSOR TTSDALL ON THE ACTION' OF PBEE MOLECULES OS 

supposed the vapour to undergo. In other words — as r^ards the absorption of 
radiant heat, the vapour would paas, without breach of continuity, through all its 
stages of condensation into the liquid form of matter. 

A general law of molecular physics is, I apprehend, here illustrated. 

§. 8. Rhythmic Absorption q/" Radiant Heat by Gases and Vapours. 

Concluaive as the forgoing experimental argument must appear, as regards the 
action of free molecules upon radiant heat, I am nevertheless glad to supplement it 
by another of a totally different character. On the 29th of November, 1880, I had 
the pleasure of witnessing, iu the laboratory of the Ropd Institution, the remarkable 
experiments of Mr. Grahah Bell, wherein musical sounds were evoked by causing 
an intermittent beam of light to impinge upon thin discs of various kinds of matter. 
I was soon convinced that the effects were due to the liiythmic gain and loss of heat. 
Being occupied with experiments on gases and vapours at the time, I thought that 
they might be invoked to decide the nature of the action revealed by Mr. Bell. The 
result was mentally clear before the experiment was made. I pictured a highly 
absorbent vapour exposed to the shocks of the intermittent beam, suddenly expanding 
during the moment of exposure, and as suddenly contracting when the beam was 
intercepted. Pulses of an amplitude probably fax greater than those obtfunable with 
solids would, I thought, be thus produced ; and these pulses, if caused to succeed each 
other with sufficient rapidity, would be sure to produce musical sounds. 

This idea was tested and verified on the spot The Journal of Telegraph Engineers 
for December 8th, 1880, contains the following record of what occurred. "When 
Professor Bell was good enough to show me his experiments, I happened to be 
myself experimenting on the action of vapours upon radiant heat. Old experiments 
had revealed, and new ones had confirmed the fact that, as r^;Hrds the absorption of 
beat, there existed vast differences between vapours. This \a well illustrated by the 
deportment of bisulphide of carbon and of sulphuric ether, one of which is highly 
transparent, and the other highly opaque to radiant heat. It occurred to me that, if 
the action were due to the absorption of heat, we might possibly extract musical 
sounds from sulphuric ether vapour, whereas bisulphide of carbon vapour being trans- 
parent to heat-rays they would for the most part go through this vapour unabsorbed, 
and produce no sonorous effect. I think Professor Bell will bear me witness as to 
the result. We placed a quantity of sulphuric ether vapour in a test tube, and 
allowed an intermittent beam of light to strike upon the vapour &r above the liquid, 
and we heard distinctly a musical tone of a pitch corresponding to the rapidity of the 
flashes. We then took the bisulphide of carbon vapour, and tried it in a similar 
manner, but neither Professor Bell nor myself could hear any trace of a musical 
sound."* 

* Mr. Bbll has giyen a perfectly accnrate account of thia occnrrence in the Philosophical Magaxine, 
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It was obvious, however, that the arrangement of Mr. Bell — a truly beautiful one 
— was not suited to bring out the maximum effect. He had employed a series of glass 
lenses to concentrate his beam, and these, however pure, would, in the case of trans- 
parent gases, absorb a large portion of the rays most influential in producing sound. 
This may be illustrated by comparing a rocksalt lens, in my collection, with a glass lens 
of the same focal length prepared in the workshop of M. Dubosc5Q. Transmitted 
through the former, the radiation from an incandescent platinum spiral produced a 
galvanometric deflection of 55^, possessing, according to the table of calibration, a 
value of more than 100. Transmitted through the latter, the deflection fell to 10°, or 
to less than i^th of the radiation transmitted by the rocksalt. The -^ths here shown 
to be intercepted by the transparent glass, consist of heat on which transparent gases 
and vapours would exert a specially absorbent power. Hence the desirability of 
maintaining this important factor, in the radiation employed to test the sonorous 
power of such substances. 

It was with the view of preserving intact these powerful calorific rays that I employed 
in my experiments on calorescence* small concave min'ors silvered in front; and to 
these mirrors I now resorted. My more intense sources of heat comprised a Siemens' 
lamp connected with a dynamo machine ; an ordinary electric lamp connected with a 
voltaic battery; and a lime light, produced sometimes by the combustion of oxygen and 
hydrogen, and sometimes by oxygen and coal gas. The lime light (which was used by 
me in 1859) is so handy, steady, and otherwise effective, that I have applied it almost 
exclusively throughout this part of the inquiry. Sources of heat, however, of much 
lower temperature than the lime light, have proved competent to evoke musical sounds. 
A candle flame, a red hot coal, a red hot poker, the same poker at the temperature 
of boiling water, and an incandescent platinum spiral, have all been proved effective, 
though of course far less so than the concentrated lime light.t 

To produce the required intermittence I first employed a circle of sheet zinc 16 
inches in diameter provided with radial slits. This was afterwards exchanged for a 
second disc of the same diameter, but furnished with circumferential teeth and inter- 
spaces. The disc was mounted vertically on a whirling table, and caused to rotate 
across the beam near the focus of the concave mirror. Immediately behind the disc 
was placed the flask containing the gas or vapour to be examined, while an india- 

vol. xi., p. 519. With reference to what occurred on the 29th of November he writes thus: — "Professor 
Tyndall at once expressed the opinion that the sonnds were dne to rapid changes of temperature in the 
body submitted to the action of the beam. Finding that no experiments had been made at that time to 
test the sonorous properties of different gases, he suggested filling one test-tube with the vapour of sul- 
phuric ether (a good absorbent of heat), and another with the vapour of bisulphide of carbon (a poor 
absorbent); and he predicted that, if any sound was heard, it would be louder in the former case than in 
the latter. The experiment was immediately made; and the result verified the prediction." 

* Philosopical Transactions, 1866, Vol. 156, p. 1. 

t These earlier experiments will be found recorded in the Proceedings of the Royal Society, vol. 31, 
pp. 307, 478. 
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nibber tube, ending in a hollow cone of ivory or boxwood, connected the flask with the 
ear. With this arrangement, simple as it is, soiinda of surprising intensity were 
obtained with all those gases and vapours which my previous experiments with the 
experimental tube and thermopile had proved to be powerful absorbers of radiant 
heat. The final arrangement was that shown in fig. 6. 



Fig. 6. 




The source of heat is the carefiilly worked and centred limeniyUnder L, heated by 
the oxy-hydrogen flame. The rays Irom this source are received by the concave 
mirror R, and converged upon the bulb B which contains the substance to be tested. 
The bulb is connected with the ear by a piece of india-rubber tubing, ending in a 
tapering tube of boxwood or ivory. The intermittence of the calorific beam is effected 
by the disc D of strong cardboard, 2 feet in diameter, and provided at the circum- 
ference with 29 teeth and corresponding interspaces.* The disc is caused to rotate 
by the wheel W, with which it is connected by a band. The positions of the sonorous 
bulb and of its ear-tube are shown in the figure. In the case of gases lighter than air 
the bulb B is turned upside down. With the heavier gases it is held erect. When 
vapours are tested, a small quantity of hquid is poured into the bulb, which is shaken 

" Intermittence is sometimes prodnced hj the series of eqnidistant cirCDlar apertnres shown in 
the figure. 
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SO as to diffuse the vapour in the air above the liquid. The bulb is held so that the 
point of maximum concentration of the beam falls upon it. 

With this apparatus I have tested more than once the sounding power of ten gases 
and of about eighty vapoura As a sound producer chloride of methyl is supreme. It 
is however closely followed by aldehyde, olefiant gas and sulphuric ether, the two latter 
being very nearly equal to each other. The volatility of the liquid from which the 
vapour is derived is of course an important factor in the result. For, however high the 
inherent capacity of the molecule as an absorber may be, if the molecules be scanty in 
nimiber the effect is small. Feeble vapours, on the other hand, may to some extent 
atone by quantity for the inherent weakness of their molecules. A few examples will 
suffice to show how the specific action of the molecules over-rides the effect of volatility. 
Bisulphide of carbon with a boiling point of 43° C. is less powerful than acetic ether 
with a boiling point of 74^ Tetrachloride of carbon boils at 77° but its sound by no 
means equals that of acetal which boils at 104°. Chloroform with a boiling point of 
61° is less powerful as a sound producer than valeral with a boiling point of 100°, or 
even than valerianic ether with a boiling point of 144°. Cyanide of methyl boils 
at 82°, but produces less sound than acetate of propyl with a boiling point of 102°. 
In the experimental tube, these vapours follow, as absorbers, the order of their soimds. 
When tested in liquid layers they follow the same order. I have examined about a 
score of liquids with boiling points varying from 163° to 308°. At ordinary tempera- 
tures the vapours of these liquids were practically inaudible. The liquids being plunged 
in a bath of heated oil the vapours so produced emitted, for the most part, powerful 
sounds. The measured absorptions of a sufficient number of substances, in relation to 
their sounding power, shall be tabulated immediately. 

The fact is worth a passing reference that the chlorides of the elements appear one 
and all to be feeble sound producers, because they are one and all feeble absorbers of 
radiant heat. Many years ago I had found them highly diathermanous, and accepted 
chloride of sodium as representative of the class. SUidum chloride, for example, though 
very volatile is weak as a soimd producer. Tetrachloride of carbon, and terchloride of 
phosphorus are also volatile, but not strong. Bichloride of tin, chloride of arsenic, 
chloride of titanium, and chloride of sulphur, are all feeble sound producers. In these 
three cases the boiling points are high, but non-volatility is not the cause of the weak* 
ness, for when the vapours are raised, by heating their liquids, almost to the pressure 
of the atmosphere, they are still but feebly sonorous. Whatever then the condition 
may be which renders these substances pervious to radiant heat, it appears to be a 
condition common to them all. 

In experiments with the chlorides care must be taken to abolish all fumes. 
Bichloride of tin sounds loudly with Aimes, but is weak without them. Simply 
heating the upper part of the flask frequently suffices to lower the sounds from 
loudness almost to silence. 



336 PROFESSOR TYNDALL ON THE ACTION OF FREE MOLECULES ON 

The universality of its presence, and the discussions which it has provoked, rendered 
the action of water vapour especially interesting to me. I did not imagine at the 
outset that the modicum of vapour diffused in atmospheric air at ordinary tempera- 
tures could produce sonorous pulses of sensible intensity. In my first experiment, 
therefore, I warmed water in a flask nearly to its boiling point. I heated the flask 
above the water with the spirit lamp flame, thus dissipating every trace of haze, and 
then exposed the clear vapour to the intermittent beam. The experiment was a 
virtual question put to the vapour as to whether I was right or wrong in ascribing to 
it the power of absorbing radiant heat. The vapour answered by emitting a musical 
note which, when properly converged upon the tympanum, seemed as loud as the peal 
of an organ. When the temperature was lowered from 100° C. to 10° C, the sound 
did not vanish, as I expected it would. It remained not only distinct but strong. 
The flasks employed in these experiments were dried in a variety of ways, of which I 
have already given some account, and which will suggest themselves to every experi- 
menter in this field. Taken open from the laboratory, and exposed to the intermittent 
beam, the flasks are always to some extent sonorous. Placed beside sulphuric acid 
underneath the receiver of an air-pump, and permitted to dry there, they are reduced 
to silence. The slightest invasion of hiunid air renders them again sonorous. 
Breathing for a moment into a dried and sUent flask, a loud sounding power is 
immediately manifested. 

Flasks without lips have been specially blown for these experiments, the india- 
rubber tubing being readily pushed over their necks. Large flasks are not the most 
suitable. To produce efiective pulses sudden and intense expansions and contractions 
are required, and these are best obtained when the beam, at its place of mATinnnm 
concentration, covers a large portion of the matter in the flasL Thin bulbs about a 
cubic inch in volume are both handy and efiective ; but the bulb may be reduced to 
^th, or even rJo*!^ ^^ ^ cubic inch, without rendering the sound insensible. A speck of 
water introduced into such tiny bulbs, when vaporised by heat, produces sounds which 
are not only sensible but loud. A series of bulbs which I have actually employed in 
my experiments are represented in their natural dimensions in fig. 7. 

It cannot be necessary to state that the absorption which produces the pulses is 
direct and immediate, being the act of the gaseous molecules. The pulses are not due 
to the heating of the glass envelope and the communication of its heat to what it 
contain& For, were this the mode of heating, air would be as sonorous as olefiant gas. 
Nor are the pulses due to the sudden vaporization of a liquid layer which might be 
supposed to overspread the interior of the fiask. When water at a low temperature is 
purposely caused to cover the interior surfivce, exposure to the beam produces sound of 
a certain intensity. When the flask is so heated in a spirit flame as to chase away 
every trace of the adherent liquid, the exposure of the pure vapour, then within the 
flask, to the beam, generates a sound far louder than that produced when the liquid 
film was there. Holding the bulb containing the hot vapour for a little time in the 
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intermittent beam, its temperature falls ; the quantity of vapour diminishes, and the 
sound sinks in intensity. On quitting the spirit flame, the bulb in some cases must 
have been near a red heat, but even at this temperature the vapour sounded loud. 



Fig. 7. 










It has, I think, been amply shown that when the molecules of a liquid are rendered 
free by vaporization they carry with them their absorbent power, liquids and vapours 
being pervious and impervious to the same quality of heat. Hence the inference, 
that prior transmission through a liquid of sufficient thickness ought so to sift a 
calorific beam as to render it powerless* to act on the vapour of that liquid. Even with 
the loudest sounding vapours this proves to be the case, a layer of liquid ^th of an 
inch thick being found generally sufficient to deprive the beam of its efficient rays, 
and the vapour of its sounding power. 

In transparent liquids, the visible rays have free transmission, the destruction of 
sounding power by such liquids must, therefore, be due to the absorption of the 
invisible calorific rays. This induction, which hardly needs verification, is nevertheless 
capable thereof. Many years ago I pointed out the astonishing transparency of dis- 
solved iodine to the invisible heat rays. Placed in the path of the intermittent beam, 
a layer of this substance, perfectly opaque to light, does not sensibly diminish the sound 
of transparent gases and vapours. To such substances, the iodine is exactly comple- 
mentary, arresting the rays which they transmit, transmitting the rays which they 
absorb, and, therefore, not interfering with the sounding power. 

That sounds may also be produced by the absorption of the visible rays is well 
exemplified by the deportment of iodine and bromine vapours, both of which yield 
with the lime light forcible sounds. Here the intervention of a transparent liquid, 

MDOOCLXXXII. 2 X 
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however adiathermanous it may be, produces no sensible effect upon the sound, the 
reason being that it permits the particular rays which act upon the coloured vapours 
to pass freely through it. A layer of dissolved iodine, on the other hand, deprives the 
beam of its power of evoking sounds from either iodine or bromine vapour. 

The rotation which produces the maximum effect is soon ascertained by experiment. 
The sound is loudest when the pulses succeed each other in periods which invoke the 
resonance of the flask. I possess a hollow cone with a weU-polished rocksalt base, by 
which this point is well illustrated. Filling this cone with chloride of methyl, 
while the base is turned towards the source of heat, the apex of the cone being 
connected by a tube with the ear, sounds of extraordinary intensity are produced. 
Abandoning the ear-tube, the sound can be heard at a distance. But to obtain this 
effect the speed of rotation must be definite and constant. The maximum sound once 
obtained, either the lowering or the heightening of the speed rapidly enfeebles it. It 
is difficult by hand-turning to keep the rate of rotation constant. Hence the desir- 
ability of a mechanical arrangement, which would ensure the proper rapidity and 
necessary luiiformity. One or two motive powers have been tried, including a small 
steam-engine and an electro-magnetic enghie, but the arrangement has not yet been 
brought to perfection. 

§. 9. Manometric measurements. 

Some time before the visit of Mr. Graham Bell in November, 1880, 1 had inserted 
into my old experimental brass cylinder a narrow tube of glass, which being bent at a 
right angle a few inches above the cylinder could hold an index of coloured liquid in 
its horizontal portion. I had long known that the absorption of radiant heat must be 
accompanied by the expansion of the absorbing body, but thought that such expansion 
would furnish only a rough measure of the absorption. With ordinary sources of heat 
1 found the expansion small, even when sulphuric ether occupied the experimental 
tube ; but when a pair of stout carbons, rendered incandescent by a Siemens' machine, 
were employed as a source, the liquid index was driven forcibly out of the narrow 
glass tube. 

The experimental tube, however, was but a rude manometer, and I therefore 
sketched and described to my assistant at the time, with a view to its construction, a 
handier instrument. The apparatus was to consist of a short tube with rocksalt ends, 
capable of being exhausted and filled with any required gajs or vapour. Through this 
tube it was proposed to send a concentrated calorific beam, whose action on an absor- 
bent gas or vapour should be declared by the depression of a liquid column in one leg 
of a U tube, and its elevation in the other. Two rocksalt plates were to be employed 
with the view of allowing the beam free escape from the tube after it had done its 
work upon the gas or vapour. The warming of the apparatus by the reverberation of 
the heat would be thus avoided. The point aimed at was to effect the expansion of 
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the gaseous body purely by radiant heat, and undisturbed aa far as possible by heat 
derived from the envelope.* 

A number of manometric tubes of different lengths and materials were constructed 
on this principle, some being of glass and some of metal The instinment with which 
the measurements now to be recorded were executed is represented in fig. 8. T T' is 

Pig. 8. 




a glass tube 4 inches long and 3 inches in diameter. It is provided with brass flanges 
at the ends which reduce the diameter to 2'5 inches. Against these flanges, transparent 
plates of rocksalt are fixed air-tight. The tightness of the tube was secured, sometimes 
by india-rubber washers properly greased, and sometimes by cementt A stop-cock a 



* Professor BdNTaEN was, I believe, tbe first to tnm the expansion of gases to accoimt in demonstrating 
the absorption of radiant beat. The vary day, moreoTer, on which I made m; commnnication to the 
Societj of Telegraph Engineers, viz. the 8th of Deoember, 1880, he forwarded to a scientific jonnuJ the 
announcement of his having obtained sounds from coaUgas and ammonia (see Wiidzuaxn's Annalen, 
Jan. 1881). His sabaeqaent experimonte with aqueous vaponr, &c., agree with mine. 

t The absorption of the vapours by india-mbber — which was in some cases extraordinary — caased the 
washers to be abandoned. 

2X3 
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near one end of T T was connected with a barometer tube and an air-pump. A T-piece 
at the other end was connected on the one side with a purifying apparatus (not shown), 
consisting of two U tubes, one containing fragments of Carrara marble wetted with 
caustic potash, the other containing fragments of glass wetted with sulphuric acid. 
Before entering these U tubes the air was freed from suspended matter by a plug of 
cotton wooL On the other side the T-piece was connected with a quill tube of glass 
bent into the shape of a U, in the two \eg& of which a coloured liquid stood at the same 
lereL The liquid column when standing at the same level in both arms of the U was 
350 millimeters high in each, while the free leg of the U rose to a height of about 
500 millimeters above the surface of the liquid (shortened in the figure). The source 
of heat was the lime cylinder L, rendered incandescent by a flame of coal gas and 
oxygen. The rays from the lime cylinder were received by a concave mirror R silvered 
in front, and sent by it in a convergent beam through the manometer tube. The focus 
of the beam was within the tube and near its most distant end. The gas and oxygen 
were supplied from gasholders specially constructed for these and similar experiments ; 
long and futile experience of gas from the public mains, or compressed in iron bottles, 
having shown independent gasholders which could be kept at an unalterable pressure 
to be essential 

The experiments were conducted thus : — A test-tube t, plunged in water, held by 
the glass g, contained the liquid whose vapour was to be examined. Through a cork 
which stopped the test-tube passed a narrow tube of glass, ending in a small orifice 
near the bottom of the test-tube, and at a considerable depth below the sur&ce of the 
liquid. To augment this depth, and to economise the liquid, the lower part of the test- 
tube was drawn out to half the diameter of its upper part. A second narrow tube 
passed also air-tight through the cork, and ended immediately beneath it. Both tubes 
were bent at a right angle above the cork. The manometric tube being exhausted, air 
freed from its carbonic acid, its moisture, and its suspended matter, was allowed to 
bubble through the liquid in the test-tube, and to pass thence into the manometric 
tube. To spare the oxygen in the gasholder it was cut off during the interval between 
two consecutive experiments, the coal gas being kept continually alight. When the 
manometric tube was filled, which was always accomplished through an orifice of fixed 
dimensions, the oxygen was turned on, and the cylinder was allowed to remain for one 
minute imder the action of the intensified flame. During this time a double silver 
screen S intercepted the radiation. At the end of a minute this screen, which moved on 
a hinge, was withdrawn, the beam then passing through the mixed air and vapour. 
The liquid standing in the adjacent leg of the narrow U-tube was immediately depressed, 
that in the opposite leg being equally elevated. The rise of this latter column above 
its starting point, marked zero on a millimeter scale, was accurately measured. Double 
this rise gave the difference of level in the two legs of the U, and this " water pressure " 
expressed the augmentation of elastic force by the absorption of radiant heat. 

Here follow a certain number of the measurements which have been thus made. 
They do not comprise the whole of the substances examined. 
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Table V. 

Vapoubs. 

Ikcrbabb of elastic force by Badiant Heat. 



Name of Liquid. BolUiig point. 

Snlpbnrio Ether 85* 

Hydride of Amjl 80' 

Acetone 58° 

Bromide of Ethjl 39° 

Formio Ether 55° 

Acetic Ether. 74° 

Acetal 104'" 

Chloride of Allyl 46° 

Iodide of Methyl 45° 

Dichloride of Ethidenc ... 57° 

Nitrate of Ethyl 86° 

Nitrite of Amyl 99° 

Chloride of Bntjl 69° 

Butyric Ether 121° 

Formic Acid 99° 

Valeral 100° 

Valerianio Ether 144° 

Acetate of Propyl 102' 

Methylio Alcohol — 

Iodide of Ethyl 72° 

Bromide of Butyl 92' 

Dutch liquid 85° 

Acetate of Bntyl 114° 

Benzol 81° 

Carhonio Ether 126' 

Chloride of Amyl 102° 

Chloropiorin 112° 

Iodide of AUyl 101' 

Chloroform 61' 

Iodide of Bntyl 121" 

Allylio Alcohol 97° 

BisAilphiile of Carbon .... 43* 

Bromide of Amyl 119' 

Cyanide of Ethyl 98' 

Bn^l Alcohol 110° 

Nitrate of Amyl 147* 

Oxalftte of Ethyl — 

Cyanide of Uethyl 82° 

Tetrachloride of Carbon ... 77* 

Bromoform 150° 

Xylol 140' 

Amylio Alcohol 130° 



Water 


PMMM. 


OhmotwofMuid. 


300 millimB. 


VeryetroDg 


279 


„ 


„ 


267 


„ 


„ 


264 


„ 


„ 


261 




„ 


248 




„ 


237 




„ 


235 


„ 


„ 


233 


„ 


„ 


217 


„ 


Strong 


208 


„ 


„ 


205 


„ 


„ 



120 
117 
108 
lOS 



?8 
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Table V (continued). 



5flDe of liqoid. BoiliBg 

43. Iodide of AmTl 146* 

44. Terebine IW 

45. Cjmole 175* 

46 Batyrie Acid 163* ^ 

47. Botjmte of Amy I 176* 

48. Caprylic Alcohol 180* 

49. Valerianic Acid 175* 

50. Pore Aniline 184* 

51. CEnanthic Ether 188* 

52. Valerianate of Am jl .... 1%* 

53. SalicjlonB Acid 196* 

54. Caproic Acid 205* > 

55. Ifitro Benzol 205* 

56. Kreoiote 210* 

57. Menthol 213^ 

58. Chinoline 238'^ 

59. Eugenol 247^ 

60. Nicotine 250** 

61. Monobromnapthalinp . . . . 277^ 

62. Sebanic Ether 308'' 



Water 
42 millims. 
39 n 
38 



9f 



Very small abeorptions and Terj feeble 
at ordinaij temperatnreB. ScwiTidi in 
cases very strong when liquid is heated to ita 

boiling point. 



fl 



Table VL 
Gase& 

Name of gas. Water pressnre. 

Chloride of Methyl 350 millims. 

Aldehyde 325 

OleBant Gas 315 

Sulphuric Ether 300 „ 

Nitrous Oxide 198 „ 

Marsh Gas. 164 „ 

Carbonic Acid 144 „ 

Carbonic Oxide 116 „ 

Oxygen 5 

Hydrogen 5 „ 

Nitrogen 5 „ 

Dry air 5 „ 

Humid air at 50° C 130 

Sulphuric ether is here inserted with the view of connecting this Table with the 
last. Of all gaseous bodies hitherto examined chloride of methyl is the most energetic 
absorber and the most powerful sound producer. After it comes aldehyde^ with a 
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boiling point of 21° C. The figure 5 attached to the elementary gases, and to dry 
air, expresses, not absorption of radiant heat, but expansion, due to contact with the 
slightly warmed apparatus. The nitrous oxide employed was derived from an iron 
bottle in which it was preserved for medical purposes. In some of my experiments 
marsh gas showed itself a better absorber than nitrous oxide. This, for instance, 
was the case in. experiments made in the spring of 1880 with the manometer. The 
sample of marsh gas wherewith the foregoing result was obtained was very carefully 
prepared in our chemical laboratory. 

The temperature of 50° C. in the case of humid air was obtained in a wooden shed 
erected in our laboratory. The shed is traversed by two tubes of sheet iron 4 inches 
in diameter, which cany the heated air and products of combustion from two large 
ring-burners. It is 8' 6'' long, 4' 3'' wide, and 7' feet high. The temperature of 
the air within it can be readily raised to 60° C. In the experiment recorded in 
Table VI. the air was taken from the outside laboratory through a tube passing 
through the wooden wall of the shed. It was caused to bubble through water con- 
tained in a large flask which had been permitted to remain for some time in the warm 
shed. The mixed air and vapour entered the manometer tube at a temperature some 
degrees lower than that of the tube itself. Closely examined, all parts of this tube 
were bright and dry when the vapour-laden air was within it. On permitting the 
beam from the lime light (produced by coal-gas and oxygen) to pass through the 
mixture, a prompt rise of 65 millimeters was the consequence. Cutting the beam off 
the coliunn rapidly returned to zero. The double of 65, or 130 millimeters, gives the 
difference of level in the two legs of the U-tube. 

I have done my best to render these determinations correct. They have been 
repeated both by myself and my assistant* a great number of times. The first 
measurements were made in the early part of last year, and were made known in the 
Royal Institution on the 8th of April, 1881. Difficulties were encountered in obtaining 
a powerful, and at the same time constant, source of heat. The mixture of coal-gas 
and oxygen issuing from independent holders was finally resorted to. The sounds are 
classified into " very strong," " strong," &c., but it is, of course, impossible to say 
where one class ends and another begins. They shade gradually into each other. 
But if the middle members of any class be compared with the corresponding members 
of another class, the difference of sounding power will appear. 

§. 10. Application of Results to Meteorology. 

If it be at length conceded that aqueous vapour exerts upon radiant heat the 
action which I so long ago ascribed to it, I think the knowledge of this action will 

prove of importance to the scientific meteorologist. Meteorology, as connected with 
heat, seems to me to abound in facts which it has hitherto been incompetent to 

* Who has aided me in this investigation with his nsoal zeal and intelligence. 
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explain. This, for example, I hold to be the case as regards the celebrated observa- 
tioDs of Patrick Wilson of Glasgow, made a oentuiy ago. Wilsox brDugfat strc»gfy 
into light the great difierences which sometimes exist between the temperature of the 
earth s surface, and of the air at a small elevation above the surface. His letter to 
Dr. Maskeltxe on this subject is published in the Philosophical Transactioiis for 1780 
under the title : — " An account <^ a mast extraordinary degrte of CKntd at Glasgow, 
together irith some new experiments and observations on the comparative temperature of 
hoar frost and the air near it.'' On the afternoon of the I3tfa of Januazy, 1780, the 
oold was intense, a thermometer at the high window of the ob6ervat<»y pointiiig, at 
7 P.x., to 0° Fahb. At 8 P.M. WiLSOX and Dr. Ibvixe laid two thermcHneterB upon the 
snow, and hung up two others in the air 2 feet above the snow. Here follow the 
temperatures observed on the evening of the 13th and on the morning of the 14th dt 
Januaij : — 

Time of ohserruicm. Snow tcmpeimtnre. Air tempermtnre. 

8iP.M. —12= —0= 

9 .. -I4r -2= 



c 



10 .. —14" —4 



9» 



11 „ —17° —6 



L*3 



9f 



IH ** —18' —6* 

^ A.M. —20'' —S"" 

1 „ -23^ -r 

The sign — agnizes that the temperatures were all below zero Fahbexheii: These 
temperatures amply justifir Wusoy^s statement that the o[>ld was *^ extiaoidinaiy.'' 
Coexistent moreover with the general cold we have a difference of 16^ between the 
temperature of the sur&ce and that of the air 2 feet above it. Had the air thermo- 
meter been hung 10 feet, instead of 2 feet, above the surface the difieienoe woold 
have been still greater. The thermometer, moreover, must have been diilled, not only 
by its immeraon in cold air, but also by its own radiation against the inteiiBdy oold 
snow. The chilling of the superficial snow was purely an e£^t of radiation. Beneath 
the sur&ce its temperature reached +1'^^- Wiusox filled a bread-basket with this 
warm snow at 2^ A.1L on the 14th. Within half an hour it had fidlen 24% and in two 
hours 32^. 

I venture to predict that if Wilbox's experiment be repeated during the cold of a 
Canadian winter the same result will be obtained ; and it seems to me that until the 
acticm of water vapour upon radiant heat had been discovered no explanation of the 
ph^iomenon could have been given. It was accepted but not accounted for. On the 
night of Wilcox s observations " a light air was felt coining from the east* With 
such an " air " and such a temperature the quantity of water vapour in the atmoqihere 
must have been infinitesimal. Dry air being a practical vacuum to the rays of heat, 
were the vapour-scie^i entirehr removed, the earth would find itsdf exdianging tem* 
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peratures with celestial space^ and the superficial chill would be commensurate. In 
Wilson's case, though the vapour was not abolished^ it was so far diminished as to 
produce the observed refrigeration. Meteorologists, I am informed, sometimes say that 
laboratory experiments, however well performed, have but little application to their 
field of observation.* I, on the other hand, submit that such experiments are necessary 
to rescue their science from empiricism. What could Wells have done with dew had 
he not been preceded by Leslie and Rumford ? His whole theory is an application 
of results obtained in the laboratory, t 

What I have stated regarding Wilson applies also to Six, who concluded from his 
experiments " that the greatest differences at night in point of temperature, between 
bodies on the surface of the earth and the atmosphere near it, are those which take 
place in very cold weather." This is quoted from Wells, J who, in his Essay on Dew, 
recurs more than once to the subject. He signalises, but does not explain, "the 
greater difference which takes place in very cold weather, if it be calm and clear, 
between the temperatures of the air and of bodies on the earth at night, than in 
equaUy calm and clear weather in summer." § A considerable number of observations 
bearing upon this point are scattered through the Essay. The radiant power of the air 
being practically nil, it retains for a considerable time the warmth imparted to it 
during the day, while when it is dry, the rays from the surface of the earth pass 
unimpeded through it. Hence the relative refrigeration of the surface. || 

In regard to the action of water vapour Magnus considered experiment superfluous, 
as the phenomenon of dew sufficed to prove me wrong. If the vapour possessed the 
power which I ascribed to it, he contended that dew could not be formed. It is not 
difficult to dispose of this objection. The formation of dew and superficial refrigeration 
are connected, not by coincidence but by opposition. I would venture to predict that 
where the one is great the other, in general, will be small. *' Very little dew," says 



* Mr. Hill, the Meteorological Reporter for the North-Westem Proyinces of India, writes thus : — 
" There is even, on the part of some, an evident relactance to accept the decision of laboratory experi- 
ments on the question of atmospheric absorption as final, however ingenious, varied, and consistent with 
one another the experiments may be." — Proc. B07. Soc, vol. 33, p. 216. 

t *' Its complete theory," says Wblls, " could not possibly, in my opinion, have been attained, before 
the discoveries on heat were made, which are contained in the works of Mr. Lbslis and Count Bumfobd." 
— Essays, p. 191. 

X Essays, p. 176. Wblls thus generously refers to the labours of Wilson. " Indeed, several of my 
experiments upon dew were only imitations of some which had been previously made on hoar frost, by 
that ingenious and worthy man." — Essays, p. 151. 

§ Ibid., p. 188. 

II It ought to be stated that, contrary to Six and to Wklls, Mr. Glaishbb has found that "the 
dilEerences between the temperature of the air and of bodies on the earth at night, in equally clear and 
calm weather, were the same at every period of the year." (Phil. Trans., 1847, p. 126.) He moreover 
records differences considerably in excess of those observed by Wilson and by Wells. Keeping the 
action of aqueous vapour in view, the elaborate paper of Mr. Glaishbb might repay further discussion, 

MDCCCLXXXII, 2 y 
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Welm, ** appeared on the two nights of the greatest cold I have ever observed on the 
surface of the earth, relatively to the temperature of the air, both of them having 
occurred after a long tract of dry weather/'* This evidence is specially valuable in 
view of the fact that Wells knew nothing of the action of water vapour on radiant 
heat. On another occasion he observed a difference of 9^ degrees between the tern* 
perature of the air and that of wool placed upon the earth, without any depositicm of 
dew whatever upon the chilled wool.t He supplements these observations by one 
equally important in the opposite direction. "On the night," he writes, "whidi 
afforded the most copious dew ever observed by me, the cold possessed by the grass 
beyond that of the air was for the most part only 3^ and 4°."{ The smallness of tbe 
refrigeration in this instance, and the copiousness of the dew, I refer to one and the 
same cause ; namely, the abundance of vapour. Heavy dew implies this abundance ; 
abundant vapour,, if not too local, implies checked radiation, and checked radiation 
tends to aboUsh the difference of temperature between air and soil. 

Wblm had a theory of his own to account for the association of moderate refri- 
geration and heavy dew. The heat rendered free by the condensation of the vapour 
to liquid " prevented '' the cold. He tried to determine the effect of condensation 
by the following experiment. § To 10 grains of wool he added 21 grains of water, 
this being the quantity of dew deposited on wool in one of his observations. He 
placed the moistened wool in a saucer on a feather bed in a room^ and determined 
the chill produced by its evaporation. Aft;er eight hours, while the wool still retained 
2^ grains of moisture, its temperature was 4° lower than that of a dry saucer placed 
near it on the same feather bed. When the process is reversed, condensation instead 
of evaporation coming into play, the foregoing amount of heat, Weli^ contended, 
would be liberated on the grass, and thus prevent inordinate refrigeration. 

In thus reasoning Weli^ went to the limit of the knowledge of his time, and the 
explanation here given is a philosophical one. But I do not think it a sufficient 
explanation. The grass is exposed to the open atmosphere, and the heat developed 
by every successive film of moisture condensed upon its blades, is instantly wasted by 
radiation. Those who are accustomed to work with the thermopile know how rapidly 
the associated galvanometer needle falls from a high deflection to zero^ when the heat 
incident upon the pile is suddenly cut of£ A similar rapidity of waste would assuredly 
occur during the slow formation of dew. The heat of condensation could not for this 

• Essays, p. 186. 

t Ibid., p. 183. Wells sometimes fonnd wetted wool to lose weight, while diy wool gained no weight 
though lowered many degrees below the temperature of the air, p. 184. 

X Ibid., p. 169. From a remark occurring at page 135, it may be inferred that the night here referred 
to was that common to the 29th and 30th of July, 1813. On the two occasions first mentioned, when thera 
was bnt little dew, the grass was in one instance 12^, and in the other 14^ colder than the air. 

§ Essays, p. 187. 
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reason be housed in the manner supposed by Wells.* The true explanation I hold to 
be that already indicated — the checking of radiation by vapour, the abundance of which 
was indicated by the copious deposition of dew. 

If the experiments of Wilson could be made in an atmosphere still colder than that 
in which he worked, — on a large plain, for instance, and in a country remarkable for 
the dryness of its air — Wells considered that a difference of at least 30° would be 
observed on serene nights between the air and a downy substance placed on the earth. 
And as Six had found the air temperature at an elevation of 220 feet to be 10° higher 
than at 7 feet, these 10° being added to the 30° would make the surface at least 40° 
colder than the air at the height of 200 or 300 feet. With all this I agree. I would 
go even further, and reiterate here a statement made by me nineteen years ago, that 
the withdrawal of the aqueous vapour of our atmosphere, for a single calm night, would 
kill every plant in England capable of being killed by a freezing temperature. 

PiCTET, I believe, was the first to notice that the temperature of the air near the 
earth's surface on serene nights diminished as the sui-face was approached, the 
sequence of the day temperatures being thus inverted. To account for the chilling of 
the air say at 10 feet above the earth's surface beyond that at 100 feet above the 
surface. Wells invoked the radiant power of the air itself. It is chilled, he thought, 
by its own emission against the cold earth underneath. Wells takes great pains to 
prove that the air possesses this power : and if not the air, the floating matter of the 
air will, he contends, exert the necessary radiation. Difficulties of this nature not 
unfrequently crop up in works on meteorology, but they disappear in presence of the 
fact, that mixed with the air is a gaseous constituent, small in quantity, but capable 
of producing the effects needing explanation. 

As an example of such difficulties, I have already referred to Sir John Leslie's 
paper " On certain impressions of cold transmitted from the Higher Atmosphere."t 

* Wells himself observed in grass a fall of temperature of 7° in twenty minntes. This gives ns some 
notion of the rapidity with which a radiant so powerful as water would dispose of its heat. — Essays, p. 157. 

At the instance of my friend Mr. Francis Oalton, and with the kind sanction of the Meteorological 
Council, the following instructive observations, showing the temperatures recorded by two thermo- 
meters, the one placed on cotton-wool resting on the earth, and the other hung at a height of four 
feet in the air, were recently made by Mr. Whipple at Kew : — 

Time. Air. Wool 

4.20 p.M 34-8* .... 33-2* 

„25 „ 82-6 .... 27-6 

„30 „ 32-4 .... 257 

„35 „ 32-4 .... 23-4 

„40 „ 32-2 .... 217 

„46 „ 32-2 .... 207 

The rapidity of radiation is well shown by these observations, an exposure of twenty-five minutes 
sufficing to establish a difference of 11*5^. 

t Transactions Roy. Soc. of Edinburgh, vol. viii., p. 483. 

2 Y 2 
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powerful refrigeration. 1 close these references to mist and haze by mentioning a 
most striking observation made by Wells on the 1st January, 1814. "I found," he 
says, " during a dense fog, while the weather was very calm, a thermometer lying on 
grass thickly covered with hoar frost, 9"^ lower than another suspended in the air 
4 feet above the former/'* Here, as before, low temperature implies scanty vapour, 
the absence of which enabled the grass to pour its heat even through the interstices of 
a dense fog.t 

I could draw still further on this admirable Essay in illustration of the thesis which I 
have so long defended. As a repertory of valuable facts and penetrative arguments 
it probably stands unrivalled in the literature of meteorology. One point remains 
which cannot be passed over. It has reference to the part played by clouds in arrest- 
ing and returning the radiation from the earth. "No direct experiments," says 
Wells, " can be made to ascertain the manner in which clouds prevent, or occasion 
to be small, the appeamnce of a cold at night, upon the surface of the earth, greater 
than that of the atmosphere ; but it may, I think, be firmly (fairly ?) concluded from 
what has been said in the preceding article, that they produce this effect, almost 
entirely, by radiating heat to the earth, in return for that which they intercept in its 
progress from the earth towards the heavens." J Wells had the strongest analogies 
to adduce in favour of this view. He placed boards and sheets of paper above his 
thermometers, thus screening them from the clear sky ; and in that beautiful passage 
where he speaks of " the pride of self knowledge," and refers to the simple devices which 
experience had taught gardeners to apply for the safety of their plants, he mentiouH 
the protection which even a thin cambric handkerchief can afford to thermometers over 
which it is spread. He was in-esistibly led to conclude that clouds acted in the same 
fashion, and that when they occupied the firmament, they sent back to the earth the 
heat incident upon them, exactly as the board, and the paper, and the cambric, sent 
it back in experiments made close to the surface of the earth. 

But in the enunciation of this hypothesis his knowledge and penetration as an 
observer came, as usual, into play. He is careftil to distinguish between high clouds 
and low clouds. '* Dense clouds," he says, "near the earth," must possess the heat of 
the lower atmosphere, and will therefore send to the earth as much, or nearly as much, 
heat as they receive from it by radiation. But similarly dense clouds, if very high, 
though they equally intercept the communication of the earth with the sky, yet being 
from this elevated situation colder than the earth, will radiate to it less heat than they 
receive from it, and may consequently admit of bodies on its surface becoming several 
degrees colder than the air."§ 

• Ibid., p. 168. 

t Mr. Glaisheb moreover has found differences of from 10* to 12'' between grass and air " at times 
when the sky has been free from clouds but not bright, haze and vapour being prevalent." (Phil. 
Trans., 1847, p. 145.) 

I Essays, p. 205. 

§ Ibid., p. 206. " If," says Wells, in another place, " the clouds were high and the weather calm, I 
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Magnus urged this point against me, and I may be permitted to say that I always 
considered it one of his strongest points ; my holding of this opinion being however 
dependent on the views which I entertained, and which were opposed to those of 
Magnus, regarding the relation of liquid to vapour. If, as I believe, the absorbent 
power is not enhanced by condensation — if in this respect water behaves like hydride 
of amyl and sulphuric ether — then I do not think that such a process of reverberation, 
between earth and clouds, as that assumed by Wells is possible. The aqueous vapour 
in a very few thousand feet of air, of average humidity, would, if condensed, form a 
layer of water 0*5 of an inch in thickness, and through such a layer, or even through a 
thinner layer, the earth's radiation could not pass. If the earth's radiation reach 
the clouds it must be by a process similar to that of handing buckets from man to 
man in the case of a fire. The heat must be taken up and re-radiated, we know 
not how many times, before the clouds are reached. I do not, however, think this 
mechanism of discharge necessary. Low clouds will not form above exposed thermo- 
meters, in weather previously serene, unless some change has occurred in the atmos- 
phere ; and change may occur where no cloud reveals it. It may extend, and in 
most cases probably does extend, from the low clouds to the earth. I think it in the 
highest degree probable that in most, if not in all the cases cited by Wells, of ther- 
mometers rising when clouds were formed overhead, the precipitation was due to the 
intrusion of humid air, the humidity extending invisibly from the clouds downwards. 
To this, I believe, rather than to any immediate exchange of temperature with the 
clouds, the rapid and considerable changes of temperature referred to by him at 
pp. 156 and 157 of the Essay are to be ascribed. Future observations will, doubtless, 
bring this view to an experimental test. 

I here recur with renewed pleasure, to a paper published by General Strachey in 
the Philosophical Magazine for July, 1866. It was probably intended as a reply to the 
strictures of Magnus ; and to me it appears cogent in the highest degree. General 
Strachey calculated the fall of temperature from 6^ 40™ p.m., Madras time, to 5^ 40"* 
next morning, for a certain number of days, selected as suflBciently clear. He also 
calculated the mean vapour tension during the nights, and tabulated the results accord- 
ing to the quantity of vapour for the years 1841, 1842, 1843 and 1844. In such 
observations, as pointed out by Strachey, discrepancies are to be expected, but the 
general result is unmistakable, that the fall of temperature by radiation is greatest 
when the air is driest, and least when the air is most humid. A series of observations 
made at Madras between the 4th and the 25th of March, 1850, are particularly suit- 
able for the illustration of this law of action. During the period referred to " the sky 
remained remarkably clear, while great variations of the quantity of vapour took 
place/' Here are the results as tabulated by General Strachey : — 

have Bometimes seen on grass, though the sky was entirely hidden, no very inconsiderable quantity of 
dew."— Ibid., p. 128. 
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symmetry at Dehra, he infers the periodic tifting and lowering of the absorbing constitnent above and 
below the higher station. He finds the variation of the absorption coefficient to follow the variations of 
vnponr tension. From this and from a similar result obtained by a second method of calculation, ho draws 
the conclusion " that there can be very little error in agreeing with Dr. Ttkdill tliat the absorptive 
power of dry air is sensibly nothing, and that the total absorptive power of the atmosphere is due to the 
water vapour it contains." A most interesting disconrse on Solar Heat, by M. Violle, of Grenoble, will 
bo found in the Bcvue Scientifiqne for 1878, p. 944. 1 guard myself against saying that the diatber> 
mancy of dry air is perfect. 
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Equally clear is the evidence given by General Strachey as to the action of aqueous 
vapour upon the radiation of the sun. Here are the results : — 
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This table is the exact complement of the last. There the /all of temperature 
powerfully promoted by the withdrawal of the vapour. Here the me <rf temperature 
is powerfully promoted by the same cause.* 

But the most impressive illustration of the action of aqueous vapour is now to be 
referred to. In 1865 I subjected to examination the radiation from the electric ligbt 
produced by a battery of 50 of Grove's ceUs, and found, by prismatic analysis^ the 
invisible calorific radiation to be 7 '7 times the visible. The determination was after- 
wards made by the method of filtration, whereby the one class of rays was detached 
with great sharpness from the other, and both of tiiem rendered measurable. By this 
method the invisible radiation was found to be 8 times the visible. A close agree- 
ment was therefore established between the results of the two methods. Computed 
from the diagram of Muller the invisible radiation of the sun is twice the visible. 
This smaller ratio might, of course, be referred to the original quality of the solar 

* Mr Hill, Meteorological Reporter for the Xorth-West Provinces of India, in a paper recentlj preeented 
to the Royal Society describes an attempt to determine the " Constituent of the Atmosphere which afasorfas 
Radiant Heat," He uses for this purpose the carefnl observations made by Messrs. J. B. N. Hesxissct 
and W. H. Cole, at Mossoree and Dehra respectively. From the absence of symmetry in the quantities 
of heat received by the actinometer on both sides of noon at Mussoree, and from the existence of tliia 
symmetry at Dehra, he infers the periodic Itfling and lowering of the absorbing constituent abore and 
below the higher station. He finds the variation of the absorption coefficient to follow the variations of 
vapour tension. From this and from a similar result obtained by a second method of calculation, he draws 
the conclusion " that there can be very little error in agreeing with Dr. Ttxdall that the absorptive 
power of dry air is sensibly nothing, and that the total absorptive power of the atmosphere is due to the 
water vapour it contains.'* A most interesting discourse on Solar Heat, by M. Yiolle, of (Srenoble, will 
be found in the Revue Scientifique for 1878, p. 944. I g^ard myself against saying that the diather- 
mancy of dry air is perfect^ 
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emission, the i-atio holding good up to the siuface of the sun. But having placed, as 
I thought beyond doubt, the action of aqueous vapour on radiant-heat, and believing 
the action of the vapour to be substantially the same as that of water, I reasoned and 
experimented as follows in 1865 : — "The sun's rays, before reaching our earth, have 
to pass through the atmosphere, where they encoimter the atmospheric vapour which 
exercises a powerful absorption on the invisible calorific rays. From this, apart from 
other considerations, it would follow that the ratio of the invisible to the visible 
radiation in the case of the sun must be less than in the case of the electric light. 
Experiment, we see, justifies this conclusion. If we cause the beam from the electric 
lamp to pass through a layer of water of suitable thickness, we place its radiation in 
approximately the same condition as that of the sun ; and on decomposing the beam, 
after it has been thus sifted, we obtain a distribution of heat closely resembling that 
observed in the solar spectrum." 

If therefore, we could get above the vapour-screen which swathes the earth, the 
•* powerful absorption ** referred to in the paragraph just quoted would disappear, the 
ratio of the invisible to the visible solar rays being augmented correspondingly. That 
such would be the case I have long taken for granted, but I hardly hoped for a corro- 
boration so impressive as that furnished by the recent observations of Professor 
Langley, in the Sierra Nevada Mountains of California. Professor Langley is 
known to have highly distinguished himself by researches on radiant heat, with 
instruments of his own invention — he writes to me thus from Mount Whitney, 
California, Sept.- 10, 1881 :~ 

'* I received your letter just as I was starting on the expedition to this point of 
which I wrote. I much regretted that I had not time to provide myself with your 
mercury pyrheliometer, so I have been obliged to use the old form, with its many 
disadvantages. 

" Our route here has led us through the dryest parts of this continent, and across 
rainless deserts to this mountain, where the air is perhaps drier than at any other 
equal altitude ever used for scientific investigation. I write from an altitude of 
12,000 feet, while the 'Peak' rises nearly 3,000 more above me. I have been suc- 
cessful in bringing up, and using here, the rather complex and delicate apparatus for 
investigating the absorption of the atmosphere on homogeneous rays, throughout the 
visible and invisible spectrum. 

" You may be interested in knowing that the result indicates a great difference in 
the distribtition of the solar energy here from that to which we are accustomed 
in regions of ordinary humidity ; and that while the evidence of the effect of water 
vapour on the more refrangible rays is feeble, there is, on the other hand, a systematic 
effect due to its absence which shows by contrast its power on the red and ultra-red 
in a striking light. 

" These experiments also indicate an enormous extension of the ultra-red spectram 
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beyond the point to which it has been followed below ; and being made on a scale 
different from that of the laboratory — on one indeed as grand as nature can furnish — 
and by means wholly independent of those usually applied to the research, must, I 
think, when published, put an end to every doubt as to the accuracy of the statements 
so long since made by you, as to the absorbent power of this agent over the greater 
part of the spectrum, and as to its predominant importance in modifying to us the 
solar energy. 

*' I am, with much regard, 

" Very truly yours, 

" S. P. Langley." 
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